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'|'h¢_ l_rl111111:y Ki_al ¢if PLIIH [ [H Ill _1,111OiilTl_i_ _I| Ji pllri:ly t-I_(il:|lll I1111111)_-_I"
£hq Viltq olI_ llli.lulllq. 14ql/dt_111uih11_l_ J_ill Li_ch111qliL_n l:h_II. ¢II'L_ NIII Islbl ¢' flil! u,¢, oII
1'1£dlo lllld ltlil.u I I Lt_ +.'UllilllUllJ.C_lH.:ll.t l l,lik., TIo;i;uRhollt, I,|ll_ _llllih_l.J-P+ wl I I 1)_,, un
(I) AlliAlyl..l¢_/ll V|l_lL'¢iPt',lr_rJ_llt. J¢lli ll_ L|I_-_ Imidllllil:l,oli 11+_1!|111_1q11¢_tilllll
_IL_I l,i|lqcr, ral <li_(+illtdilli_y+
/_) _tt'tl+,H_tlt'k' ilIl(I J3[lllli|.l-_lllqlll_,fl{+[llll 0|' thl.t uqi£'hlnml dt;lllodulal:.r,
(]) l+t'ror in'i_blib_1+Lp l)i,l?fot'lllllnc_ elf I;ll+ 111odulat+o11/dqnludulilI:Loll
fox' I.|l_., Jde¢il ]int,£1r ildditlvu WllitU (lilU_:l+_+ll iio_I_._ cl1_lUn_l 111od_._Io
Forw'.,rderr_u'corrt,ctlm) with b]ock illlll_Ol|Vl)lul;_.Ollll<l l'l)¢]un WJ,]| lllt_l) bt_ _JH-
c_sued a].onllwith coucat_ttatlOll codlti_4 t_chnlqut_s. 'rhcuse of cod_ti,_lw_th the,
V(irl_:ilS int)dul atioil_i dt St!UMM@d Wt[] I lit! _llllliJllt_d by the evliltllittOll till c!Olll|lili:di-
tioixal CtltO[t: l!llttt! lllllTlltlil._tt_lT_ I I ].
]]ll ,_Ulillllary, Pelrt I w:[ I I prtlvidu t|it, Ilut_l!SSal_y backlU'Otiud IllatPl+Jal I+_r Ill( _,I"
lllil.'ts lit _ Lh[._f l'l,[)Ol_C tliilt wt;I | t!lllllll_t,_lizt! tit!w IIIOdll I eltt(iti/dl.!illOdlll ell | till { ut'hll |qllt,,_l
I'lll. ' both [lucar _illd ilOll].l.lit!ar sate l I:ll:e t'hallllul illOdUl,,t,
2,0 S Vsl:t_l_l Ovu,rvlew.
BeJ'ol!l' ex_llll[illlitt tht! dutai ls o1: V_U'Ious inodulat h;ll ;llld ctldllllE tl!i'hlliqtlt, s
.It is IlilllOl'telilt tO d:iscuS,_ sorer' lillsic I'h_lrdt!tt!l_lstJc_ o[ di.Rital Ilel(_i trdll,_i .
lll|,_i;lliH1 ,_V,_Itl!lll,,i, 'rhl,_ lih!llltlC:l lilt _ i'll,'ii','lC[;t,i_lZ;ll hill t_l thu lIh',',_itt!ell t+OllllllliillV_l,-
u/on liuks, the, ll_l Iou o1: batldwidih lucltldlill_ Lhc, l"t',C i*Ul_Ul;il lolh_, alld lic'i'-
tOl_lliallCt! illt, d_tlvt,s ,_ut'h _ls lilt: I'_ltt, s+ b:lt l, rrof lu:obab:ll [tlus_ iln'oultlil_Ut.,t+ _llld
dr, lays.
2,1 '!'){allyJl, IJ.tl-rJl{_'_' tver - .b,s t i,ut
I"llttlrv 1 shtiw,_ the lia,,llc c,_HIipllli_,ll(,_ ,ll il d:ll41t:al dat_i Ll'_iil,,illll_l,_iloll _)'Ht<,lil,
I)lll 7 the+ tl'dilSllllLtl"< * J,'-ishowll hcl'u ,'illh'l, Lilt* |%'CU].Vt>I'Illl,i'l_l 7 I'(_VI'I'HL'PI Ih_'
lirotti!ssJ.lll', Ol tilt' tl':lll._illlll, lt, r, Tilt, Illo,_l tlillhl_'tilll{ part ill dlb, lt+il ll;lla IV;IllS
IlllS,_[OII ,'_V,_il('lll;i ell't' lilt! Illl_lhll_l[ h_ll ;lllll _!l>dlll!( ,_illll,,iv_It!lll_, ')'lli!Ut, lw_ I_llll'l<
tolt, l.hi, r to det(*rllliill, tliu bil_ilc IlerlornlallVe lit' Sell_,l|itt, _llld tt, rru!Itil_il r_ldh_
I luks, Othel" lilirt,'_ ,_ll_Wll |ll, rt, Cdlll lit, tlt,,,_lt;llt,(I Iiitll.,l_i,lliliHlt ¢11 tllu Illlithll_l( [Oll alld
clidJllll,
_y
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Figure 1, Digital Data Tran,4,1_i,_,_LonSystem
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tit{ ] *U'|_:ltl;ll d_H;t hlt,_i. 'rho lial_l 1:41_rypthm ."{taildard (I)E._) I;'l alid the, Puh]ll:
l<_'y /:Fypit_yHl(!lll (I'Ki:) I_I Ill'l,' i'IIrFi'IHIy I'WO highly _ll_iqll'O rlyfli_'llifl lhill hi't,
l'Ollllillilliy i'{illi-llIl('l'lql, 'rh_, ])J,'.fi tlyPlltqll l'l-!qllll'_-', _I {IJHI'I"III!II {(111 OJ koyff Whiq"qlH Ill('
i PK(', _lytll i,lll Flqillil'i,;l ;l i'IMIIIIIlIIi plil}l I(: I lhr;try _I imi'rypl Ion J:tllli'| Ji)||,_l, ('.UI'I'{'IIi ly
llli' lll}_,h t_pt't'il Ol_lq'_li hul Ld lil",,_ lll_ll(iq_ It ihqllF;ll}ll' for |llllli| ;il_i}):h,;ll:Jlm,_l wh.ll{,
2. I. 3 !:!l_!lu_,_l,_J_ll!_tL:'u_ld _J.ill__'l±':'lvJnl$,
3'o _il'lill!w' hlllh l;'t!Jl_ih:[]Jly_ (!htililiel _:lld'/il:, I liiliF I)_! Fl._qu'll_ed, Tli;I,_ of
l'Olil'lle_ delienll_ _lii the l)lt _!l'i'_ll' lirol);lh;l ]liy l-l_,qti;ll't, lll,.!nl:ff. Tyllie, a lly |'t)l" 64]( hll_
PI',M d:lllt!.:lzed wl:h'e llllly I O"3 btl; I_l'l?O_" lu'olliiblllLtes iil:e ruquired wllerua,_
t:OillpUtt'17 Illl_,_iH{it{t_. _1 ll!il 7 i_'(lllJi_t_ 10-8 O1_ lowL!r bJl; 121"INIT i_rolJnl);ll:ll:tevl. Pt}I" _l)lll_.]
c'hllllll_!l_ w]lll lUt!lllOl'y _111 hlt_!Yl.l._tlVt!i? 111(I7 bt, l%!qllll_ed Lo _itd the codinl4 Leehn:lque.
.l,|tl._il. COllllllOli t_tldt!_ lil_t_ efJ_et'tJ.ve [:t)_" illd_i_endent ¢thal_nel d'l_t;l,llFi)tlll_t_ mid t'ilt,
;I.ilterl eilv] llll/d_'llll;el'] mnV]lll4 I)l'oce,_,_ |le] l)S t:ollvl._Tt depend_nL challn_] di._LtlPl)alti'e_
£tl tlll|ellt_lldellL ollt,_,
2.1.4 Mtt [ ___ i!n_
OLIIL'-F Ll._i_r_ lllLly SIl_l_'_ {I (._OlillIlOll i.'.tilliillttll:i_t_ll_it*ll ] illk. Tile: lnu] tip] exinll
Ol}_at:l.Oll illt_e._i s(2vertlJ dtlLa Hl$1_t_,lllll_ tllLo ollt_ tltlt_l _(2([u_211ttt_ J!ol? l;l_ttll_lllt_._Jioil.
'/'J.lllt! division nlultil)[iJxtllg (TI)ll) Is Llle most conlnlOll fo_'nl.
2, [.5 l.Jodtllal_]Oll _,lltl _%_])12(!tl:tllll _tllltL_/lt _
'['lit" illocltll_lto[" t:oilvt't;t.;s d:LgiLal d;ll._l sc_(ititmt'e:_ ill{t)W{IVL!|OFIII_ tli_lt: _IFe
_li:lt:_ll_]e fOP Ll'_llllllllJH_i]Oli OVLq? the, _OIIIIIlUlli{'_IL]OII eliallllel. The illOdtl];ItJOl]
w_lvt!J:_,lTIII b_llldwidL|i_, bit urror tales, {llld dLlt{I l';ll'e,_ ;IF( _ t:yp:lca] lit'FI'oFIIlIIII(!{!
IIIt_l,qtll't!_ tii- IIIOdtli_lLJOll l_Otl|llli(illt_. _I,
l"tll" lili] it;It)' _il)l)l tt_il;itills wide l)_ilitlwtdl;h Sliro;Id ._illt'i!LriilU wiivtd:ol;ili,_ ;li_e
ill Leil tisL!d. AltliOtll4h inl.*ffit'it!iit ill |)ailtlwidLh tiLJ. l l_aLhlii l;he,_e tt!c|lilJqtlefl
i)l'oLe_'t the _'{_llUlltllil.tt_iLit)u fly_ItC_lii froln ilit.:Ctllti(illa| ;I;iililiiJllll I 1. Also, ]L |li'o-
v ltll_H l)l?ol-i!t:tJtlll illl;lillftt Ilitl! t lpath J.II radio links, ]:t)l" tllust_ I't!iiHOlll; t|lt'
Hi)i-t,;id ,_illt, t,ltlllll _ilvt!iOl?lll,_l II_lV_' he, cut I_l;Ol)(Isud Iof I!ilctkt_[ riltl;l/i,_ ;itld {'_:llllllt, F_'J;tl
lllllll[It' F;idl_l, Tlley ill't' Illl!_ lll'atq-[('itl Iof llltl_t, otht!F cOlllllit!rl_lnl dll41Lal
(,oIII1111111|('il 1. ll_ll _i_'51 Iqll_.
3
00000001-TSB01
_I_l,llll+il I*_ll I;_ lll'+*¢':_:_+ll%' l+_l +11 U d.ll.l I I.IIlP+IUIP+P+I++ll P[%2111'lllZ+. _'++1+i_tt}++
tt','lllll+lll*'+i X_'.+II+ t++_+'IIli'l X+lth ult_,Inl,ll I+iii l+_ hill+l.+'+.+, +_'.'_'I.III bit *,11,+1 l+lll'++.
'l'II_'t++' II¢++ l_+Inl_' I+.111+I ++I 1111' P+VPIII'III +{II++X+II lit l"l+',lll+' , _+Itl I+1' till' 1,l,'u+, ++I
I+.11 I I ,
,+, ,i I'LHIIIIIIIll I _'+ll _ _;tl t'_l+llttlt' _:{
'I'11z' ;Ii'++l_+',II +111,1 +ll1,tl,,':;I+; ot ,lhll,+++t all P+*It_'lllt_' ,lllk_ If'Ill'PIll I,II i'LztllltllllII_'.I
f [++it :_'+'+_tI+'ItlP_ +II+' l++Itl+'+l ++11 Ill+' +l,[,llt iX',' X.+'hit,' l:;llt+;:;l.llt Itl+IP;_' LAt+I:N'I +'h,lt+Itt'l llh+_lL'I.
TIll:; Illlltll'] +tl+L'lll++ltL'lY _'ll,ll'+lt'tl'l'l_!+'++ tilt' II'Olll |'lid t'tWt'l_,'t'l II,+IHI' tit+it +IiWiIV+t
_'_II1t _t _lll_' to l'_llldOlll ¢'hwt I'i_11 lllOt _otl:+ _lll_l _l:, !illL'h I_ t t'tll_t,t',llltl+_ , d_l_i,lldt,llt ,
l'+I_.;lll't ' ;_I _ho'._'!l thl:_ Idt'.ll _'h+illllt'l lllO_It'l '._'llI_'ll ,IPt,{tlll_,:_ lilt' llol!1_, :{I_,t.l lltllt _2_
+I[+I+l'_llt1+It_'l'. + +l+lt o,,'t'l + tilt' +_1+',11+II xs'av_'l_n'ul bandwidth. 'l'h1'olt+',hont i_,tt't l, x+._'
.l++++Itlll+++ t h I:_ l,h'a I +\I_It'.N t'hallne I lllOd+,l ,
hlt_,tlt,lt,lX_'t, ,11't, tllo:_l _'_tlXllllOll]_. ' t,llt+O_ittl_,l't,d Ill _'Oll1111_'l_'[.ll _'OI111HIIIIi_',II Ion _'hill111t, I:_.
Ill +l|tltOt:l _lII t'_tP_t'_;+ h_l_'_",'t'l'l |hi' eOt!ll,ltllllt'_ll loll !_\'!ll_'lli _I_'_I_+,11 I!; I_+1!_'_ o11 tilt'
l_It'+11 .hhlll I_/_ , x_'hlt_' l',ill1!+!;IilIl 11ol!_t' t'11+Itltlt']. Thl!_ I:; ]_+llt Iv _I1l_' to tht' I.It't
Ill+it _(t':;l+',11Itt+', +++\'++l¢'IXlP; _I_1+11+I_'+_ to t'iit'h Pil+_','It _t' _'ll+Illll_'i |+_ llOl I_l+lt'l it'+It. +\
+++oOel *It'+;it'+ll Ptltollhl h' l'Olttl+;t 01" 110t to0 +;_'ll+;ll IVy' to +:I+_','(+ i_' _'h.tlttt_'l ,*,'n,li¢ COil+;.
t_OtittlF +, It'_'ltltItl_l_':; f','l+i_'_ll IX' :11+11+,t' tilt' O+',+t'l';ll ! t'OItlltlllll|_',ll tot1 :+X'P_lt'llt mort, Iol,tt+;t
+llld ,11+1_' It+ _+t'l'lOl*lll x+_'kl iu +1 x+ld_, I+lll++_l , ol I1_+11"|tl*'+ll _'it+lllllt'l:[,
1'11t' :++ltt'll lie _'h;ttllti't ,+{lloWtl Ill t"l}+;Ltt'_' [+ II+l:+ +1tl IIl+lllll+,, ++att'll lit' t l',lll++
|_otl_l_'l_ +llld dO+,',+tt_[lll+,, 'l",'plt'all+', ' till' tlplllll +, _:; ,_+| It|ts't'it'l'_'llt'l' t']l+ltllit'l _lP+
P;hox,_ll III FIt',llt'_' ;!1+ ;,+llil_' the do',_'llltllk h+l:{ It':t:t hlt_'l'tt't's'll_'t' e:',t'et+t I+o+_!_11+1"+'
t'o _'h+llltl*+'l |tllt'l'lt'11+llt't ', Tht' +elite'lilt++' t t';ill_l+i+lldt, r |++ I++l!_l_'+l_l",' ,lit +tltii+lllll,l
Wlgll +ipt+t'Ol+t'l;llt, l |]tt'l':+. /x .'-++it_'IIltt' .'_Y+¢tt'lli It+Ill+lit',' _'o11++(:+tP+ ,11 ._t'X'+-'l'+ll +itlt'h
tl'+llIPll+,+lldt'l'_* 'l'h_' SlI._ I;_]l/+ t:llr+ ,'++lt*+'llltt, _+',.;+t+,m.It+l' ++'_+llll|++l_,+ t'_ll+_l:+t.'+O|
It| |l'+lll,'llll+lldl'l','_ Ill |1) t'|l_lttt|t'|;I _t;l _II_+WII |It |"|_tll'l' /l, 'l't' ;l'++oitl |lilt'Ill'|'|'tit'|' WIt11
t'+l_'h otht+l' lll_I till', +llld t|OWllIllll+, t'|t+ll111t'i lrt,tlut,neh,+l +it'|' ,_t'i++It'+llt'd, Ill+link
I I+t'qtlt'ltt'lt':_ +11'¢' ]_llF+_*'l ' It+ ill It+w ItlOl't' Illlll'tsW Ill',1 III1+, +lllt l'llll+l I++'+llll:_ _tl the' +'lOtltld
Pit,it It+tip+ _11 Ill+It hlt_'l I_'lmt'll_'t ' tO oth+'l' _+_t'O++t,ll It'llill",' P++ll,'llltt':; II++lll#+ +` tilt' +_+1111t'
ll'_'_Itlt'll_'h,P; |,+I lItllIIlll|.+'_'d.
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I",_l+'h ;lill*,llllt, tl*tmtil_+_lld_'l" hi _l tl_+tllltl_.,+ll _tlll}_lll I+'1' th+|t _'ztl| _,_ltttli, _lll',l|lll
dlPlt++l't h_tlrl, A ||'iitltll+'(Itldt '|" hlptt! ++! lht' |¢t|rlli
x(t) .. ^(I) u,m I.,t)t + Tl(t)l (I.2.1)
l._ _iLi+lbllil+'+l £1L th+, o;Lil+tlt +It*
_.Ct) - r(A(O) ,,,m I,,,Ut ._ ++.CA(O)'+'_+0)1 (L.?++._+)
WltLt,l'_+
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It A(t_ :; A Iri ¢*_n:ll_tl|t Ihen tllL, rL, [:L It+iLII:;|LH'tiLHI. }l*!ll_'L', t+_l r;_ltellit_'
L'I|V_-!I_pL' ffl_;llillll ;II'L _ llt_l tt:l_.'d Ill' [l lllltl( [ll]_** hll_tll :_l);ll;ll:_ _ll'_' II!I_+_I Ill r+;Ich
ll'_lll_Ipl_lldL'l' lh_'ll l-hl' tl'_ll_llll_llbl_,l' tllll_ll _I)_+I_II_ ' Ill lhl' I_':I:I _'II [_'I+'lll _]_il_'l__l I"
lll_ll' WlII'I'i' lhu ;lllll_l II l_'l" III llh_l'l' i[li_'ill" ;llid tll_'l'_' (:I I_'II:i dlllt_rl l_tl,
J"_l' II!I'I'L':III'[_I} l lnk_+ _ht'l'¢' Itl_11"l' II_I'_I¢'I" I:I ;IVill l_lhl_', l lll_+ill ' +llXllll It l_,l'/l ill'l'
ll|lll'i' eOtlllll_ttklv It:led, II, h_xi_'V_'l', l'_llll_lilll[ t'llv_'lt_l_i' HI)'31_IIII ill'U [l';lll:_llllll_'d, 1_'_II_
t!,%l_l'ItlllVe 11_I111[II_.'_II" ilttll_l[l l_'l'l; t'_ttld b_' _.tm'd l'_':itlil [11}_ hi _IVt'l'_ll I _lilVhlJ_,zl. 'l'htl;l,
2,3 ll.,'!j_]lx£1#l.l:l\ }99l !,'C,.C..R£U,U+I,'LIl,,m,,_
+[_ _|vold lllll'l'l_'l'_'ll_!_ With othl't' _lli_,'l'll,_ _,ll}',It_ll l'_ld[_ !_l}*,It;llll ;11"_' l't'tlltll'_'_l
t_O Hill.', r _qL('h.|t! ;It] ;lli_lll',It'_'d })_llldX_'Idlh, ,']Upl_O,_' |h_' |l'iltlll1111tt,'_l ;{l}_,llill [:{
where i 0 = ,,_0/2'Ii [:_ the cilrl'[C1' frequency In II:_. The II[_,11_I] _O'_i_.'l? _I)L!L'I.t_III_I [,_.I
Ir 1
,_ 'r . 2
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,_()LI_ _ I_;I,H_ (I,'2.7)
WIIL'I'L' '1' (:l th*' ttlvJ|zll I_ltl:l_' _lvmht, t *ittt';ILl*_tl, 'HI*., ["_>dVl'dll (hZlIItlItltJIvIIL ILqlrt
(',l_lllllli _tHI q11| ( i,'(',(',t) 111_t_'L'_Z:1 I't't[tt [ I+l!lll_.'l)_-_)1| Vllt[ [ Iz 11[ }_t[li] :1 wht!lt | f. lilt[ hlzl+L_P,I_ l]i|tt_'-
whlLII I_1' _.!I_IItBI_'I'_'IZI1L'_lllililttkl_.'dt[[l_tt wllhitl L_I_' _,lll[tt_d ,_Ldl_l, 'l_ll_]_t' 1?_.'(ItLII'_'IIB'tI|H
II thv _tttth_l'l_vd b_llM,,._ldth I:l B .= ;!W the,l/ (11 ;,,vtl_!a'+|l
/ W+L!_,_0 ( ),,I f_'}_'_2 So( )d_ ".,.o.9!) (:t.... 8)
-_,4'L' "0
H
i':?tii'llt.[;il ly l'l_lllltCtltt tot" ;lily thll._ b:lllds X'/l' II;IVL' [hi _ i?OI IowLtlp, l'l_qlt:[.l'_.!lllt'llt:H:
2.3. I % I !_ _.,11.,
Vof Cill'l'[IL'l" I'v_q/_t, uci.t,:_ bvlow 15 (dl. th_,l'u :l._ _1 IllIIX[IIIILIIlli l" 80 dB at:_tmtul-t
t:i_ll ['l'lltll. l'*2d _lllslllt_ OI lilt! ;|lll_lhll,'_.;_,i!d l)illlll:¢idt:h. _ _lt!llt_)';ll Wt_;ll_t_l' J't'*l]tl][l+t_lllk_llt_
,_ Lt) t|l>t'._l riot hil_,'l ' to by h_lowi:i thilt tO 1o_10 0
- Ill',- I0 IO_,lO 'C
|OY t Oitt_8_,d_' Lht' ;lllL:hol'|_;t'd batldw:ldt:h. 'l'hl' I)l'hlldll'y Y**_qll]l'_lllt!lli" td thq l'lltt_
ill i}ll|--tll_b,'lllt_ d)'C,l', l.ii i',ol¢t!L" }Ilx't!ll |0'
i
,+,0, ,,++I0 80(13 _ -11_4L) t -1 -tO .l_,_,lO 2W'ra , .......i
Iof ;ill t _ '+++t'.
L0
" a
- + . J ,, ,,,,,, i nl n_ , , .......
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2. _,2 f(I Ifi (;ll_
Aht_w, IS (,11_ tD.q-t, l:_ ii_,v_,r ii.n't _ Ihan 56 dI'i ;Ittt luliH [_11 r,_qulrml _ml nl
b:llld ,llld .111 I;Irl II) II_l',l( I B(I( ) ¢IWIIII dt)_,;I n,,I ]lllw, I,) 1., I.,h_1¢
-II(_ - Ill lo_j(1 'I'_,
r
lh,l°,' lh,, rHlUll't,d l';lll'_II" _ml-nf-hnud dl't,llhl pt_wt,l" I,'4i_lVi!llhy
F _ D I I
I(i h,_;to So(t) _ -11 - 2o .W.I_ t :t(i lm;1.o _w'r_ (1,_.:1o)
I.
t'_lr _:l.J 1_ ."L W'I'_.
Mosk |_lOdU]._ltiotl,,.t produt_¢_ 81[;ml],_lthllL do not 111_!I_Lthe I_(,'CYo[_kl].[It_Oll,qllll_l
lllust thorl.Fore be f':l]l:_.'l'ed bt_f(t_'u [17_111_111188].o11, l'yptc_llly :it I"_ldt_ frelluellci_'8
(RIO. RF ftltur:lul_ I._ generaJly ¢Oml)i_eaLed. ,-.mtJy, _md add.M d:tntolTLtot_ filial
intersymbol illLt, rfel_oll¢l , t-o tilt' _r[lllSllliL_l_d Sigltlil. Even wtth a conct:mt
ouv¢,l o11¢! IIIOdtl] _ttt ou, Rl" F] ] t:Ot't Ilg l_/iJ]. F_!8111 [ tll 8t[$111118 _t] tit _ttlll)li tilde'
vllFiilt:loll_3. If such a signal is fo]lowod by a nonlinear amplifte.r, d_.sl_ortit)llS
8llk_ll :1_1 l.ho_12 de_icr_bed _2;IY]Ik_F _illl ok'.lillY illld _28U]I" [11 illllpl] ffoY OitlZpUC sii_ll_lls
wh:lch do m_t uit!t_L L[I_! I'_CC Yu_UitlL:|OllS. l'hi8 Cilll |Jl _ avoided by u,_itH'_ ld_;hly
J'Ji/o;ll? ;tllll)lil_]t_Ys wh:i.ch ¢lgiltll :[8 IllOFk! _os_]y. '['llUs, lllOt!LLIlg biltldw]dLh FeqlliYo-
IIIL!IIL._ _illl add t'tmsid_l_:lbl_2 t_osL Lo ;t 8ysLiml tlut_ Lo RF ftlkering illld l lueln_
:lnll_li('ik!Y dt,_lJ_ill,q° l.'i_tlFt, 7 _lllOW8 tl tyl_tl:lll t_X:llllple tit' Lilt' T:UC nlilHk 8llpt, l*-
llnposed on il glvl_u 80If).
AH._klIIlIlI_ kllak il 12OUllllUlltCllttOll _llltllllk!.[ W:LLII il/ILIIolTJ.zk, d bmldwidLh :[,_ llvail-
Ifll I t', :rod tll_ b_mdwidLh t'e¢pll I'l!llletlk8 tll'_ l_l't _ the, l_ kht ° ki'y ti!t_|lll:ll!_ll llk!l'l'oYIIIilllel!
i)tlYllllll.,tk°l'H ill[ ii SlILi, I life. Ol? L_l"t'_14t._'iO] I_lllllllllllli_'ll[[O?l _y_t(!lll lll.'l °
R :: d_IL_I YIILL' ill bilz_/._i!l!olld
11
LL'_ ,, _ " -- IIII ' _ "_':' _,' " ii I dl 1
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f
I"[_UI'_.' 7. ']'ho I"CC bla:_k Supo]'hlqm,_c-,I on n t, tv,,,n NormalJ_.¢,d
Pewc.!F SlU!t.| t'tl| J)t'll,_lty
;llld
Pb = hit orror prohnh:i1_ty.
The re]ationship betwevn R and Pb is very complex mid depends on the choice, of
luodulationand codiag. (;eaerally,higher data rates imply lower bit L_rror
probabilities.
Auloug those modulation and coding techniques that iil_._et technical
requirements, cost of implementation will determine the final choice. Cost is
a time.varying parameter which is a function of available techno]ogy, Digital
processing, for example, has become faster, le,_s expensive, and mere 1)owerful
slid will have all increasingly important impact ell modul.iltioa ;uld coding
imp lenten t a t ion _.
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2. _,,2 I ['i I;ll_
dlil,fi li;IVl, I_, I,l, ll_'h,_¢
b,iiid ;ill!l lii I,i_'f Ill h_l;ll I ,11(1) ,il;_llil Illll
-Ill_- Ill I_tlll I 'l'l.
Ih,rl, Ill+, r+,qillrrd i'IiIl _ ill i_iil-_ll-b_illil drllll Ill p_wrr I;i tllVl,li by
I(i h_l. ll ) ,_(l(t) q -II - 20 I#' - I - I(I h_l_lO 217 n (],2,1(I)
for Jill I :. _,¢1',_,
I,Iofil; iilOdlil;illOli_i ilrlllhil,l, _llllll,'ill-I l:h_lL d_i llOt< II1_,¢,1 l:li_, 1:1:(_ I'_,Klil;itlllli,_t ;ind
llitit_t Lhl, l't,t'ol_e_ |)t_ l'll.tt'rl'd b_t:llrt , ll_iliitllll]_,_|olli t'yp:l,cllll 7 _lt l'_ltllo t'i'_,qm_iit,:lt,,_
(Ill,'). IIF flltl, rlntl I.,_ tlt,lll_ri'llly t'l>llll)|lt!;l!.t,llt l'lLqi]y I itlltl ,'lllll,,t lll.iltlll't]_lll_i ;lllll
:liltl.,l'_ylilbol Itllt, l_l't,l't_llt't , to Iht' !.l'lill,mllllLL_!d _II'il_ll, I'{Vt'll with ii t'tlllllt_ltlt
t_llVt_l O])t_ IIII)dlllal I o1_, lib' f l I tt,r 111}4 l#:[J ] l't._tl] t: In s I lln_l] _ wJ th lllllll].;I l;tltlo
Wll'},_il;t_,tt,_J. [1" _tlttli _l ,,i{l_>il_il i_ _'ollowod by _1 llollltll_ll* ;tlllllll.l":lt,x_ d].,_t-t_rl"lon,_l
,_tittll _1,_t tllt),.Ic_ tlci_crJll_,d t!_ll"l tl.,lF c_lll or'trill" tllid l'tt,_Itl] l; 111 _llllpl] f:lt!l" otlt;lltll: ,,_;[l;llal,_
I wlll._d_ rio i1o(: lilt,t,t_ l;llc! I,'(;(l i+_.!lltll(if;JOll_° 'i'll:[_i t'AEI llc, avoldc, d by tl_:llll', h|l',hly
ltllt_il" _Ulil_l;ll'tt'r:; llhlch _lil_ltll [_ lilOl'c, c.o,gLly. 'i'liti,_i_ lll_'t_l;;f, llll b_illdwJdLh t'_._qtl_ll'c _-
IIItJlllfl t_lll _idd _Olli4td_.l;_llllc_ tto,_il; l:o _l _7_[t'lll (lllt_ Ill rl / lllt:_.l.ilit, , _iiid IJllt!;ll:
_nipll',:Lt!r dc,,ilt,,ll_. 1.::tic,lilac ' 7 ,_how,_ a typiu'al exilillplt_ of Lilt, Ft',(', Illil_k _tlp_.!l'-
illlllll._It!d Illl ;I lllvt'll _O(I),
A_fJtllllhll _, Lh_lt.; 11 ttOlllllltl!l:i, ct:ilillll t_h_lllllt_l w:l.Lh iitithori_.t)d blllidwldtll t,_ awi l I-
illlll!_ _lllt| !.ht' lllllldW;ltltll l;t'_itt;lv_!llll!llt_ lll_l:t IIR!{ t t|l_ll trill) I_.c_.V!_t_lilllctl] ]_t!i'l'Ol'lll_lllt't!
ll;IF_llilt!tt'l'_4 of ii _ll.vl Ill:t, of tctrr_,,_l.r:l;ll t'Olllllltlll_lt_li;it!li ,_l_,_l(;t_lll lit't!
14 = d;It,;I l'(ll.l! ILl lllt;_##_t't'illltl
II
illll_ ff t . .
iiii i i |1 ii i iI I II i ii II i I
nnnnnnn4 -re,-,
i -20 MASK
-30
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+llld lL+l'F+++t+l l'[+ll FIldh+ _++++llllilt11((';it Jo)l I lllk++, t+ ¢+++tllllltlHll'itl i,+tl ll+'l+,4, tl'i<_ +'+_l)++lrH ri
+if lil+ll+_ rHt,'h III++¢++ ;illd +I 1+II'}_I' tlHIII++++'F qi+ V+II'It+IH+ lYl+4'++ +d ttt_++VP+0 IHll,ll It l;+
h.pvm, t I+,+_I t,+ l+V+_vl+h' d+'¢llI';lled l lnl+. Ill tttil+l'tl Hlld III+I11_ IiHI'I+H ItltlHl Hh+tl'+'
('¢llt|tl|Ltl|II'+ll lqH) [lllk_+, HOP+! II++'W +ll};It+ll l'l++lllil|tlli¢'+ll l+q+ 11_qW¢il+]'_ll wltl d,, lhlP, I+I
+I 'J')JI+tA 1oi"111+11 wlth pinky! h'.+,d d',ta I'+I.
'l'hv u:lv t)t' IS+U'k_,lrl Ill[ l'*nht¢'+,',_+ tlt,x4 l'+,(11111/_,,111t'llt_:l i)ll thl' t'h_+lt'(' _1 lli_)+_htl+l| h+t)
+llltl _'odJtw. A Wtck+'t. _1 d+l|+l _'¢+lIPllHt:l Of +i Iml':tt _I +lylllb_+It¢ _,I I l+_ed i h+lt_.'
leul.th. ]htPll W, lh_' 1'++'_'t'p! h+11 _>I' the' .In:liLt+If p+tl'l t+f th++, pitck_.Pt + thP l'¢,c_.,Jv+q"
llltl H I.. e,'H! ] tll;|l e
t m del fly
uf t|l+_ pro'keLP, "+ HlOd _,t[Ilt.t+d H]+'+It;tl+ 'Phi,' ¢'llt;It't' t)J" trIO',ILL+Jilt]till +ttld dL!;tltldLti+t| ].Oil
_+[t.,.'4i}),tl C+Ill li+IVLt till ]tll|lol!l.;illt: lnll);U't Oil JilL! lltllltl)c!l' O|' [.ll:[t:L_ll ovt!1"hL'tld Hyttll)O|H
ll_Pct++t+:_+tt'y |t+l" t hle; l+t11;I+o+t_ ol +[t'tltt:t1"Jll+', Is A+,+s _tttd +),
Si.nce p+wket+' are |+].x_+d len+,th btock._ oi! syltlbolt+_ ;It: Is ntttxll'at t:o
co118]d¢'I] lOl'WtH?d L!l'i+tq ` c.o1717[2ct[o11 (l"]((:) b luck ¢.t+dl.n+; t_ch!_.[q;te+_ IH_11¢'I' thrill f.lh¢'
I|10).+¢.` COlllll|Oll[y LtB_+!d ¢!OllVOitlt]tHllll codt_,'+ wlttl Vitvrbl dtwodhl_ which +IPL' tlsl!d lol"
ColltJlltto_IH d+lt;l ,_t!qtIt'llCt_H. A]!:IO with p+ickeL,_ thL" tt,_e ol + L!FI'¢+I" dL!tLtL'tJ, on (I'll))
_llld ;LlltOlll_ttl¢ + l?t+tt "_III_H|I.[,'iFII-OII lYI-+([ttt!'ql- (Al_+t_) :is tltttUl"t|l |O t'Ol|,+4idt!P. ,qOlllt + cOItl]llll"
;tL L_+n of l"t",t: ;Illd t",I+>/ARt._,_hould be u_ed In most I+acketi.zed data ,,;y_+tt,m_.
In a la+:gt> dtgl.tal nctwol'k whvlt_, ¢_hanntPI I Lnkm ave ._haeed by tll+llty tl++t+l'_+
the choitte ot: lltOdtt|_tt loll +tnd codtll},, tt_t+']lll:ltlltP,'¢ llltI,'4l; ]llCltttt.|_. ` COtl_]dt_l';ttJA_tl 0|: lit'+,,+
data [,_ to be p+u'ka+'+ed a.'+ a _tl+]tlg 0|" tnodtt]_ttet|]_!t+dPd ,,aymb_+l,'+.
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Thin ttOIIl,'OlTHl.¢)ll fl?oIII ]):l.tH tO phtl_t, tlug]o_ j.n thrill, uflin_ (_l?tLy _otlL_v 171 _111
tIC_III?tIHIIU_ wl th the 1'.11 nw]ng:
Data Bltn Phlltte Allg I t!N
M _ 2 : 0 0
I 11
M - 4: O0 0
]
11 11
3
10 _" 7r
M = 8: 000 0
I
001 _" 11
1
0ll _'Tr
3
01.0 _ 1)
I I0 i]
.5
3
101 _. _r
7
1O0 _- _l
Thu basic J.dua Is Lo have Otlly o11(2 billary llklllll)(2r C|ldtl[_t2 Ifl t_|l12 dSSiglllllt.?ll|: OI
adjacent pha_u angles. This is showtl ill Figure 8.
The phase 0 is then moduhlt:cd on a carrier result:lug lu the MPSK Mgual
of dural:Ion T st, Ct}lld_j
x(O =',/_- e.._I,,,Ot + Ill; 0 .< L < Ts (I.3.1)
I
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ORIGINALPAGEIS
OF POORQUALITY
b
1 0
a) BPSK,K=I
01
11 O0
'10
b) QPSK,K=2
011
\/,,1I0 000
qO1
¢) 8-PSK,K=3
l,'|l_ut'_'8, Data l_It A,_._IgnmL'llt
i
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Ih
'i'hi_ i:_ t'i'lu',tl¢'d _"_,,.,t'v 'I' _l,,,r_u|d_l :1o th_l! d111[11;.', flu' tl hlt_,l",',|lH
(tl"ll 'l' I tl'l' Ih¢' tl tit rl_'! _l K IIIlll dr,_|¢_lllliIIl _ the' It Ih lu_Jul_lI ll_tI IIItiitl¢ _,
l"_n 1111.',I lll¢_dttint h_It Ilti' d_ttlI t'ill¢, lrl
r = T
14
V, PI'
Eb K .... '-K
'1'_1_' bit _,l'lor pl,,b,lb|lits' {11:1 whil_' i:,mm_[,l_l i_o|!_' ,'h,llm_'l with _ n_,,l_' !_td_'d
l_l - ,' _ I'b ', t_. NtI /
b 0
,, |_
f' !j #T
hi' _'Ollll_llt ¢'_| It_ Ilt_." _ (Ill I' I I' ._ I _',,_! | | hlll.'_•
t7
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I/.... )._KI,:hi l,h < I q .Iu Itv?'KJ (l.:.'i.(1)
(i ._.7)
!1
'|'h.l_; ¢.'_lll I_1' Vlt"_'_'¢l _l!_ I_hllll" 3' lllllJll Ittt_|¢.' IIl_dltJ_lt It'll _tl the' cJll_lch';Itttt't" _,'HI'I'Jc,w = l
_(t ) ; _l(t) _'_!_,,'t}fi bLt) ,_(|t ,'_i}( (l.'t._}
LH
- _z.... ,_ _= i ' 1' ,, , i , Ii
00000001-TSC04
L_ 0 a 0 0
-3A -A A 3A
L) L) -A 0 L5
b
%¢hOVL'
The' COl'V_':;|_Olld{tl_ _, b(l _'l'l'Ol' |,robabllllv I'b I:_ _; ',",,_ bv
..... J ....... ,, lind.* - i ii Jl
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+tltipl Itttd_'l_ ttl,ldttl;il_' dt11'/lli_ lht' :t_ltnl! '[' llL!t'tlll¢l Iitt+.!l",,;ll,'+, lit t_l'_':Ll.'| ,i]l_ldl'_lllt11'¢,
iit_d_ll_l! I_1l_ L'IIL' _'_tl ,,_L)L _11;Ipi/Ltld_*:l IIl_dltl;lL*, ditr[11) +, the! tJtlt_' [tlt_'l'V_ll:_
(11-1) '['_ ....,-' t ._ I1'1'n
11 _ ..., _.I, II, I .....
'"h[, ++ 'l] ]2 ,'+_'¢_IId o1t,g_'+, of: t_._l;It.i','q d_'l_lv b_'t_,Z_,_'l] t:11_' two _11];Id:'_ll-]1]'_' lltod]]l:11:.loll_
p_tn.gh_', t:h_'ott_h t]o_l [11_;11_11[_'_ I_ +,] .
'L'h_' mo_t _'omtllotl torm ot thl;_ nlod]ll_It io11 I,'_ llIIH_!I: (_PSI¢. (tll,_!',ql¢.) '¢llt_t't' lI]_]
_It;Hll:lt:]td_,,++ it] both tl]1¢id1"¢it:t1+'t,_ ¢II'_, bh1¢trs' v¢_h1_,d (:+A) m_t++'h l lkL: QPSK. hl t++t't,
the" b+It]dwtdthn _t)d bit t'l'l'Of pl?t)b+l]+[ tit It':+ it)l" L)I'_K ¢Ind L)L_|)_K _ll'L! tilt! ,_lzlltlL, fill"
the' l.de_tl ilddJtlv_ x..'llltt, t._iltt:],,_l.illl ll_|,'-l_, t'lt¢11111_t. '1']I_ pl'llt1_11",' dltt_,1"_1]_'e L.,l t|tt_
[tllpi1_+t ol I]otlllllei11'It lt'+_ _l] Lh_'_' tx_'o lllt_tlttlilt lOllli I_I.
'[h.,' l'_+Itt_,lwL'.lth l+]l;11?i:_+tL'1;l,_ltlL'l_ Ol l+hl' Ol l._'+'l ]]lid ]]ol'tn¢ll {lll+Idl'iltt|1"i'
Itl_+dxt I ill [ tit]P] _'+I11 bt s 111t+d I l" ].L_| b_ + L11; [ 11+_, d [ l t't _I't'11| ]+It I +l+_ ,_;hilpOl_ It+l" till' qllilth'ilt',.lte
llltldtl I zl_- ]fill+'+. L_t+,ql_,illld t]t}P,q]¢,, It+l' t',X,ltl,]+} t!+ _'01:l+,.'llp_+l+d to L]:l hl_.', ]'_'_'t i111_t]l i11'
_ll;Ipe,d pltttlL','l _tl _';1_'11 qltildl'_ltllll' _'i_llll_OIll'tl[, J),_lt_']'_'ltl pul:t_" _;llilp_'ll, hOWL'V_.'I'+
_':lll ll';]d I-+_ _I .'lll,_ll;tl wILll '_':ll'_,'[ll+_" +'llX'_'1_+p_' _ht,1"_.+il_ ]hi, 1)e't'li111_l|l;ll' p]11,';_',++
I'e_tllt 111 l+l_l_,_l_illll I'|]Vt!llspi! :_[_,;11+11!I, (',t'tl_'l';]i I_' lilt' Ill_+l'i+ _'ll','t'lop_' V_lt!l_ll 1011;_ il
HI};IIill tlil,_l tll_! Itl_l"l.! I]_ltl[lll,_;ll' I.'h;llllll!l _.l[._lttll'l [011.'-I It t'tll'llltllll.'l',_+
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Figure II. Power Spectral l)ensltles of QPSK and QORC
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Figure 12. A Comparison of the Power Spectral l)enslty of
Several Quadrature Modulation Techniques
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Figure 13. h Comparison of the Power Spectral Density of
Several Staggered Quadrature Modulation Teclmiques
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£ 1
i u _ Zo _ X. J AMPLITUDE _,,
I
i DIFFERENTIAL CONTROLLEDINTERSYMBOL
ENCODING INTERFERENCE
Figure 14. Duoblnary Modular:ion
. ,, _,{-1,1} (i,3._3)Zu u Zu-I
N_,xt: tht, cot_tro.llt'd [ut_,rsymbol Itttt, rfcrenck, I,_ h_t:rodttced by
_t'llt'l"_l t I I_ I ho _|llll) I I Ltldt',m
o, , { }xu Zu + Zn_ 1 ¢ -2,0,2 (1.3.14)
which modulat_',_a car_:ier Itulse It(t:)17].
SI.I_L th_,l:t'is ouly ouc data lilt L,tlterlug the,d.[ffereutLal _ucod_r each
L:llll_' _lll _lltitl [tilde' IIIOdtllAIt_'d HvlllbO] Is _t'tlt!l;_ltt_d_ tat, d_lt:_t t;clt:L" IS
R = | b:lts/s_colld (1.3.1.5)
W
'l'ht,b It _,l'rorprobab IIity (a_s_m_l.t_iuo Itt!'t:ht,l't_h_tll|it,],it ,;tortious) :is
_iw,u by
il /'n / 'b _tO i{1Ti'
wh,.'l',.' l{b Is lilt' a',_t'ril:,-',t, sl_,ll;tl tqlt'l'Ky I)t'l' ptllst'.
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b_ll)_J_,*iJdt]) +'|_ J+'J,'))f I))+_dl_);l| Jill) II'+'hl)Jl_H_'n Ih;ll I))J)J)llJ_J)) I)b;l_, m.)JH JnllJly lrom
Itl:|l hill ((',PM) IIIl'lltd_.':l II:i llpl','I;|l l'_lrl_'H _lil|lillllltl fihlfl K_'_II|I _, (_'_,_K). I";Ir4l 1"1'1+_
gll_'ll*'y ,_HilII Keyll|_.', (H"fiK), ,Sm_¢_thl,d l,'l'_,llueucy ,_hltt Kt'71l|}: (fil"fIK}, 'l'+mlvd I"1'¢'*"
IIt|_'l_'y ,ShI t l K_'Y I tl}: ('I'FM), _tnd mnlly u! hm'_.
I,'lp_u:_' t!) I.IlnsCr_'_Lun i.hl,_ vlnnn ol Im_d.latlou_l. CPH is _,_nelltlal]y a
phn;l_, or I llL'(l_t_,!tl,.tytltodttJ+:lf.]oll t.u_htt]qttL! gilL, l!*., the, dliLd |H reprem_,nied as a
blllary o_'" hl,_+il<!+' ]++,v:+,J+H_IIILI|'L+W_'IV_.+which I.++ (;hL,ll p,'l+n<,d l-lll'¢lll_h LI FL.ll<.,r w_/.ll
Lmpu.L,_e t?espt)nsu h(L:). Thu £:iltered ,_lt_oal i_ t.ht, :ilH_UL I:o art Pt,i ulodttJatol+
I'L_StI.I.LIII_ Ill d COtlH[_dIIL _ItV_]Ol_+.! F4l}_,tldl 0|' Lht! ]!Of'lit
×(t) = V/2-S,;ou[%t + O(l:)] . (1:.,..17)
FIBuru ]5. A Block l)ia_,'amIllustraLiun of Lhc ¢la_ of ConLi||tl0u_
l'has_ Mo4ulat ions
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_' I I I
i
|:Lgttt't, 19. Not:tlllt'J tzot| powt._t" spO.¢Lt'it for' bill*tL'.',' (:PM tqo,ltetlt(,_
wlLh vat'tou,'.* blt.qt_batltl ')ttl .qt_.n; h',_O,').
(Reprinted from [14])
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Figure' 2(I. Normalized power _pectra for M-2, 4RC pulsea;
h-0.5, 0.8 attd 1.2. (Reprittted from [13])
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F/gure 21. Normalized power spectra for M_4, 3RC pulses,
(Reprinted from [13])
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r' T H_,¢_nldH. 'l'h_,lr_,l_lilll:t('dHl._11_ilIH LhL'_IH
(I. 1.21)
wh_q't'
{ I[ I,,(} "t" (M-l),_ } (I. ','2',))
w c u_0 , u_0 ,t. ,11_ , m0 + 2 T ''''' HH H
II _l-I!.|it2_lll;ll.t'HI_ -L,IILIt,|'IC_HI,!|)_II'_E|Io11 th;ll _%l_lr_ttll_'('Hlhl' IOllt'H
Ih, re Ac_ = ,i,s
are ;ill ¢ !Lho_.,oua] to eavh other wheru
/I',_ ,:os alkt- cos _t dt _ (I £ '_ k (I .3.23)
0
where'
11 k = 0,1.2,..._ M-I. (I.3.26)
_k = t_O + k "i;
,'he bl_ _,!-ror prohab:lllty is t lF_ht:ly upper bounded by
1'b
['lotv thal ds |otl}_;Is
l';b > 2 £n 2 (1,3,20)
N 0
1111. ca. bo., .'.let'll l'rOlllt|lq l)o_nld
2
x_
! 2
qCx) -__ _'
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_t }U)od in,lditJ;|i Io1_ I_L'hillllq!,, Iltlfol'lMll_il_,ly, li)_, :i(p,}l;l] I)zllLdwl(l|h ;l[:l(] Itl,'l't'_ltil'_l
wllh I",0 Not,' lh;ll
AhlAI _'
I
" 2T CI.;L27)
I:_ _ll_proxllll;Itely tht, handwhllh oeeuplt,d hy _,avh tolle. ._lltee there ;Ir_,
H :, 2K tm_e_ the lolal bal_dwhllh W o_'eul)led by lhl;] o|'Lho_,_mtal ,_Ipmll _el I;_
W = M AI'
2K
= 2'I'
H
2K-I 2K-I
........ (]. 3.28)T KT
'l'hl,,_ toCa] l>andw:i.dth grows rapidly with K.
One might wonder if there are otheY o|;tho[_olli11 _I[_ll(l]s whose total
bandwidth doe,,_not grow as ral)]dly with K. hl gelleral _Iven bandwidLh _; and
time T the number of orthngonal signals of bandwidth W and duration T
s s
seconds is
H :_ 2WT . (1.3.29)8
']'l'li_ i._ also sati_fled by our se_ of orthogonal frequency tones. Hence,
we cannot do any better in terms o[ bandwidth.
3. I. 7 S u_u_._ary, of Coherent Modulal:Lon Teclmtq__e._,_,_.
To compare various mndnlat:iou techniques we should eonstdi, r tile pert'ormance
parameter,_ data rate and bit error probability; tile latter buJ.ng a |nn_L]ou nf
the etll,t;gy pur data blt-to-noi,_e sp_,etra] density r_Itio. These would be the key
l)l,l'fOt'lllilllCt! pill'alllt'(t'l'S [| there were virtually no l)andwldt|| |llll[tat[otl.,]. '['hl_
38
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a:ttuaC|all oeeurn ill do¢.p apaeo _¢qmlllllliP-_tloll _lld maul- spread flptml:rum iM]:lrary
£tillllllilli_£11t.llIll_l,(]Pli_|?_l]]_7Illtlil|llllloTi_Iglallpp]J.I_lliiolII__|llW_ _l?I_-llIlildWJI|iIII i)ll-
NII?tl]IIi:_I which Illllttl; I_! t_mlttldt-,rod, Wlio/l tttr;It.t bandwtdl:ll ]lllllf;ll|_|Oiltt t4ueh _itt tllo
]P(W, regtdal::hmfl ar¢0 l.tllptlttod_ t:lit:, (IPM tovhqiquun /Iplmlir to |ira t|lu iiiottL iltLratatAve,
{hll?l?Ol|t:lyl IIowi'Vel'9 RI,' f]ltolmd MP,qK, QAM, alld FtOIIR,Vttl2_/lla_Ollfl Of duob,lll/tl:y Illodll-
]lillOllfiIIl_i,LII_'lllOfli;_OllllllOll|01311t4of t!o|IL,l?i.'lll_lllothlJllL_,OllE _211ll]qlltU_,
Rqcplul; <InlllJlldI_lllltbmldw]dlAl ].lllllAZ'_Itlolltlal d datel rlll.q art.!;llllpiWLalll_iIOll-
t_lderat;lmm, w¢_ next _4how [lie lxlt error prolmbtlll_l,us for viii?Joliet eoherm_t modu-
1.at,!oml. Figure 22 tdmwn the bl.u error probabllAt:y .',a a t!tttlcttmt of I,',b/N0 lit dB
for m:thogoual s:lgmillnF where M _ 2K :is the number of Ol_t:hogotla] totlt2,,t. In
l:tgttr_ 23, wt, haw_ t:he symbol _rt-or probab41At:les t!_:r coht_?m_t MP,';K i_di_aated by
Elm solid 1.1net_. The dotted l.inet_ are for M-ary dil!feru.nt:Lally collermlt MPSK
(1)IdPSIQ wiLich we shall conuider ill the next suction. ']_|le duobinury mudulntion
II;IH _1 bit eFrol: pr'Jbabtl]t:y that l,_ llear].y tllt_ 8_lllle _1,,t Izllt_ symbol, error proba-
bL]tty for Hl',qK wluh bI = /4.
II'o t!X_illllllt! the Imndw:ldth effic.LenL CPH technique.% one must t_lke ttllzo
Ctlll!;hlc!l'_itiOll t.ltt! bandwidth of tilt! ._ll.gllglJ.s. If wt! define, the 99Z billldtq:ldth W
a:i In (1.2.8) wlt:h t'he vqttnllty st.gn, then we can compare all tile GPH techni.ques
wit:i) t,;it.Ii other. Ill general, we shall uue thv t)artJcular CPM, namely MSK, a.';
_l h_l_;t,I {n_, 1o17 cotlll_ar{,qtltl. As _tlre_tdy Ill_txLtotl¢,d plTev[ou_[y_ b|SK l_; ki/otqt_ to
IRIvt! t'!;Si'lll-igll I}' the _;an.' bit t!rl;Ol: probal_il It3' n.q BPSR, wht.ch t,.; shown in
Fib, ere 23 a>; the }1., 2 line. Cohtarent BPSK i,'; the most t:olnllumly tlsed bast..Hnu_.
._tllt't' it is annlyt [c_llly difficult tt_ cxactl.y c alculatv the error prcd>abiltcy
pt, t'ft)l'lll;lllt't' I'OF CoIleFellL I't'ct'iVt!F,_ of ('.Pbl_ iL is COllllllOll LO lll£1kt! the. l)t!rf'OFllRlllgt_
i'onlpAl-i,ql)ll till Lilt' b;ISi;i of nlilllllltllll .qqtl;IFed EllcIldeiln dist.;lilt:t! OVeF S_ly NB syllll)t}l
lnterv;ll,4 norm;ll ized by the symbol ellel'gy l l2l. In mathematical terms, we
t'V;llil;llt' tht! nllllillRllll Ill:
,,,,<,,,,T,<,,( )]21: _ t,{I X tl/I (2)
i:n IT
with ie,_pecl to the twl) _ll'bltr;iry but dlJlt,rt,llt _t,tlllellt't,s a (l) ilud a (2)
whi,i't, x(t;,'l (I)) and ×(l:;i (2)} reslleCtlvely r,'prt!,qtqlt x(t)tit (I.3,17)fur
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Figure 23, Symbol I,;rv(_t" l'rob;lbt]lt)' l'orlol'mancl' o!
NI','2,Kmid I)NI)SK(Rel)l'lllt:odl'l;OlllI2{'11)
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I:hoso. two aequmle_.. Typically rh_m n_lo I)lOI:H L|)_ ratio (i1_ dill of
I_t./21,_1)... " (B2dn/21",n)_. loR2M fm; a _iw, u (',PM t:e_'hu_qu_ tn tha_ (ff M_K vors._
i
the nor.|al._zed bal_,dwJ.dLh 2WTh,
In Figure 26 wo eo,m_dor the eaao wh_we p(t:) l. defll|_:d :h_ (1,3,20)
',ql.t'h vt_.lT:lot/s viii,urns of the iiiodllldl.ioll llldL.,_ h ill|d bl ,_ 2, 4, alld l'1. This par.-
Ll('ulal" fOrltl Ot! (:I'M l,s ea:lled (k)t|_llltlotts Phat_e 1,'l:aq|t_ttt!y SlrlfL K_,y:hig (CIq,'SK),
w:l,_h MSK agn'ln eol:vt, spotnling t,._ tile special clam, of bl ,. 2, h " ,5, Fnv the
Rttl_ed Cos'Ltte (RC) uultie that, t,|ltllls I, symbol tJ,mes (HOt-! I,'tWlrt! 1Hill, l,'lL;.l'o 21_
shows thest, modulacJ.ont4 for ValY;_ollt4 modul,.;;i,on :LedLeon It, M ," 2, 4, fl, and pult4u
utemory lOllgt',hs I, " 3, 4, 5 Syl,I)oJ,_. Also shown ill this |;'lgul:(! art! CIII'V(!S fOl"
tilt,less reallstle shaplu8 pulse
/, /21rt\k t, /2_,t:\k
, ifl*'nl'l?t:-]_ /cos {'I_T" "112_r , / _ s/l/ _ sll
) .... //- 7;, '21 (t.3.3
which has lnfluttc duraL:ion. These curves are labeled LSRC (L=l,2,3,A,5,U).
Both FiI'.ures26,and 25 show that considerable Improvou_eu_ ov,-'.rbISK is possible
at the cost of more receiver digital processing, it should be tloted that we
assume no RF filtering on these Lvtgnals while conventional MPSK would rcqu:Lre
some RF filtering to sat:l:_fy a bandwidth requirement and thus suffer some. addi-
ill)hal slgna| distortion. Also, note that the FCE ma_k pl,ac_s additional ll.laita-
lions on tilesignal power det*sity sp_.,t'Lrumthan t:ho99% bandwidth l:[mitation
assumed ill these results.
'I
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Figure 24. Bandwidth/Performance Comparison _elative to MSK
for Various CPFSK Systems (99 Percent Fractional Out of
Band Power Bandwidth, See Table I-i)
(Reprinted from [I,4])
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, i ,,L_ ,
'hhlL, I.-I. l_il|d,,.l[dth/DItH;tlh_.' Tt';tCh,_tHI I*_1" _olllt' I'I-_H'_,,c,ll,>l'.."{Vl-Ut'ill. _L
i.
('.lq,'t_l_ ll_mdw hit h DIill i|/,i, h ()w'r Nil
,_t'h_,lSll' 2W'I'h H;H'_, dl', ,SymhL_l_;
l_l 2 h .'_ I.?() 2,{) (1 ?
I'l_ /* h' ,2!) (),HO 1.4'_ *-I. _ ?
f'I' _ Ir. I 2,) [|. h4 . ()l) -*',, _ _ '.)
H: l0 h ,/*O I.()_ 3.()t, I._'_;_ /*
1_1_/_ h:. 4 "_ I. I _'_ '_. (H) ;! • '>(_ h
t,l*_ h::. _,O I. OO _. (| I, 7(_ 2
l,t:_ It: ,/*') I,/,O ').40 4. _1 !_
_. ? I)l.tI t,t't,t_t I_tl IV Coh,'i'._'llt. Fh'.dHl._ll I._'tl
Ill dill_'l'¢'t)t [_11_,' cOh_'t'*'li[ ItlOd_ll:U {oI) till' | t'_lll._ltlilt_*_l _i}',ll_l[ C;|t'l'i_'t [d_;l!_'
dtil*Jl_}', _IIIV ,'{VllibOI ( ira*', T , _I_;_':_ [IH.' I]l*t'v_l'_ll._l'_' | I'_UT}Hltlt t ('d 'l' .'{_'_'Otld 91)_,tl;l[F_ 2_
CZII't'IL't" ph_!{_' ;1!_ ;I I'_'l_'l*_'tl_'_'. 'l'hi.'_ I:_ }',..'ll_.'t'_lliv doft_' _._/ith I_II'*'_K II_od_llnt ioit, Th('
_)F_IIFII'V t't'_t.'_OII IOl' _'_lt_4idt'l'ill}', tll_!_ t_todtli_H [Oll [!_ tO _llIo',q |h_' t'_'c_'i',_'t' [O _h'lltodU _"
fOl't|l [t_ (I.3. i7) wh,,r_, t_ow
0(t) - 0[(t) + 0R(t) (1.3.32)
with
211 2_ 2_.o](_) ,{o, '_i' 2( ), ..., (x-I)--_
(n-l)_'x ":t '.t_'l'.__ _ I. 2, ... (l.3.t'i)
i m)_l OR(t) = Oi(t - T ) (I. _. _,/*)
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Figure 25. Bandwldth/Power Comparison Between Various Partlal
ResponseCPHSyst_s (Reprinted from [14])
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l.'ll411rl' 2(I lilll_llr;itl, li It I)III'_K liilllhilalllln |lit l.llc.._llilllll , _'ll_tl, ill: M" 2 whh'h
i.. Illll {-[l!l ¢OlliliiOlllV I'l,tl,i'rl.ll Ill fill lillll.14K lit l,vl,ii Hliilllli,r I)I._K. Ill lhltt 11111il'l , . ,11
I ti I hi' II I li_ll'V II;ll il _il_lllil'lil'i', wh I ll'
/ "SlI- t I till 1,_ : (1. ;t. '#,i)II _il"llili -_ll,-I i li _ -JII
i:_ tli_' ili lll,l'l'lll l_lllv ell_'olh'll hlll_lr), _l'liill'lli'l' ill_ll I_ iliodulaled h), ii l'OllVOlll Ioll_il
It|>._F. ilil_dlil_llol'. 'rht, rt,t.t, ivl,r for Ihl_i I._ _ilowil Ill I,'ll;tire ;!7 while, Ihl, i,.i,lll, l'al
-IMo0<,L^,oR
l,'il;ur_, 2(_. A IIBP_K I_lodulalor
I)blPSll I'l,l't. iv_,i • i!i illu._lr_itl,d ill Figure ;!8. Tiie_t" rt, l't, ivl, i" .gll'tll'ltll't,_i rl,pl_lco _l
iliOll' coliillll, ll llh_l.,;_, I i'_il'itiillt lOOp wlitl _Olllt' ,_ilill_lO ll[)lllill l)l'Ot't',g;ihll', (cllllel'eilt i:ll
dl,c'odl, l_i). 'l'hill t'.l,lil'l';illy I't,_tlll!l ill _1 IIIOl't" l'o]lll!tl _%.!I{o111 Hlllt't' |lh_l,_ll ' _ll'qtl[_il ioll
aild Io..m oi Iol'k llrohlluli,,_ _i._i,got'i:lit'd with i'lo_et| Iooll ,_;y,_it'lJIIl_ _ll't' I'llllltll_liod.
l_h,arly, till' ilbOVt' iltiVililtill_l'. _I of 1)MI'SK over t'ohereni ltl'._K IIIIIHL t'OlllL' Ill.: the !
l.!_llt'll._ic' of ,_iOIIR' h)_, _I tn i..l'YoP llroil_lllJ.]]liy |)t, rl:ot'illllllt_c_, 1'_o1" LIMP_K l:rml_lni!.:Led 1
4over the Ide_ll (Idi|ll.t.vt, whttt' (.lu.m,gl III Iltl/._ll." t'hallllel, fill" ,_Tnlho] orror llrobal)tlttyi,,.i ilivl,ll liy l_l
t_lil 11 11/2 I'l 11
8 II _l) I1[ -- l'lllt _ Itlll'l ill
wllh El_/ll O rt, lat.ed tll I.'I)/NI) hy (I.3.4). All e_eelleul, easy to evilluatl, asyml_lol:tl'
I'llrliili|il Illl" I|le _lllliyl, .gyilliml t,l'l'Ol' riile iia.'_ i'l,t'elll |vlll, l,,ll derived il:i
4O
1
II ....... . ,, , ill ,' i i ....... l"l' T " ill llll in It
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+ tollM qV: co, ) (1.3.37)
l.'lguve 23 flLu._Crate_ the exm'-C eomputath)u of P a_ ill (L.3.36) (dnsl,od lines)
fl
and compare._ LL wf.Lh the Ideal coherent MPSK modular:fortwhleh requh'o._ a phase
t:rackiug loop ill t:he Yee_'Ivt, s'.
3.3 Noilcohere_t Modu] _It:iou
All e%'_t) S[tlll)l¢_l" _lild tlkil_q l;t)_)Li,'it ¢ld',]S I)f tllodLtl_lt]Oll te¢!hilJ_(lttes ;11"1_ tho,,-I_.,
thllL; use ilo phase esLllllaltoll _ll ;ill hi the detllodu]al:[oli i_l'oeess. (k'llel'_llly, thes_ ,
tlhldtl]_lL[otls ilS¢' ol'thol_oll_l] si_,_ll_ll.q. ThL" IllosL t'ollltllOt_ eX_llll_l_, _ll'_, [ho [_|-_tt'v
Frequency Sldft Keyiug (MI:HK) ._ignals of the form given in (I.3.21) whey,, now¢_
l,w{l: 0 - (H- 1)Ai_, <:0"- (H- 3)Ai,l.,,,, I,,0 - A.I, .... io0 4 (I'1- I)A._} (I.",.'L_)
}h,i'u '.!AI_I = 2./'1' is tilL' s,nal lost fl*i'qtizul_'y _l,pni'nt Ion th:lt I,uai'_liH t,_,_; i h_, dil|ol'_,tH
,,4
t l'equvih'y touos ai'e al I Ol'thol',oll_ll to each oth_,r f_:.l-.n.I I. 1;e.l.:_t i.,,,.e,j_h.:vS,",_h.i.t.t _, I._,. ,
tol" all Ilk, 0 7 :lnd
.Ik _ i;!k - I - bll\,/_ 4 I,_tl I k _ 1.2. .... bl tl. I.'lO'l
N_lle that the li'_.,quencv :illa,:lul4 Ill (I.lt, zil4) is twicl, Ill,it l;Ivtu_ ill tl.l.::) lol
vohl, t'l,tlt I,II.SK. 'l'lll_ I_ t'oqliil'l_d III older' to s_ll I_lv ttl,' _wlll_lbul;llilV _'oildit loll
ol (I. t. Ill) ;1_ op|losl_d to Ihi, It';_l St l'illgOlll oitholbql;llitv coudtl iou _I (1.t..!1),
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Thun, hy _._u.plngHonwlth (1.3.21"I)tlm I_ota] blmdwldl:h II_]|lOW
2Ac,l
w - M
I
"M T
,,,.....2K (I. 3.41)
KTb
O1"
M = WT (]_.3,42)
S
is t'oughly t ht' uumber ot iiossibl_, uot_ctlht, reut:l.y orthogonal s tgna]s of bnndwtdt:h
W [Ix :u'_ddllr_'d;ionT seCollds.
S
Tilt' opt inunu rt,vt, Jvt, r for nol'tl!ohertult binary FSK (BF.qK) Is shown In F:lgure
?.% 'l'hl.,_ I't,t't, iVt. l' _'onsi:Bts of two tHlt'l'gy dt'tt'ctol'!_ velltert'd cit Lilt' tWO _'l't'--
qllt'llCit_S I_l I aud 10.,. 'l'ht" d_'t'ls[oll Ftlle Is to vhtloSt_ the SJglld] w_th tilt'. Idl'gor
t,li.Jl};v dt, t¢,t'ttll" OULl_llt. '['h(H vt, t't?iVt, l" d,q._lllllt',q I]O kuow|t'dgt' of tht' slgu:'_l Cdl'l'iol'
IIh;l!;t ' _llltl ill Idt't its I%t,_l'l'Ol'llldllt't_ dtlt'S llot delft, lid oil tilt, _lt't:ll;ll phase. W[t:ll H
r I'l't_tIllt'lh'iu':'I Wt' would I't_(lll|I'O I_1 eUOl'gy kh'tt'ctor:_.
Ill Figurt* ._.tlWt" show Lilt' ','llt'l'}_y dt'tet't il)ll |)l'Ol't'%'q.q 41S I'tl'Sl O!]t'dlll[llg t ht'
i qll;Idt';lI IIl'L." Ctllll[_OlIOlll S O 5" ',';It'll ])O._IH tb I e Cdl'l" [ t21" I I'l.'qllt'HIcy dlld t ht'll S'tlllllll| Ilg tilt"
Sqll;ll't _ OI lht,,_t, COIll])Ollt, llt_ to gt't the' tuh'rb'y th,teckt, d :at t, at'h t'dl'l'|Of |r[_tlllt'llCy.
b Thi:_ Cilll bt' _h't'Ollll%l [Mllt'tl IllOl't? S[lllp|y with ul,qLt'ht_d flltoFs Itll hlwed by t, llvelope
dt'tt'CtOl';_ whoHt' outputs ;ll't' :_;llnl_lt'0. Tills Is, Ill l_lvt _ tilt' Iol'lll llst'tl Ill g_'llt_l'dl
t.Hpt, clallv wht'll the' Ol'thogoll_ll SigllillS :ll't' IIOt ll..'c('}_._;ll'[IV blI:SK,
A!_ ;111 _'N_llll]_l* _ ot this pt_lllt _ ;llltlllll_l" Co111lllOll W_IV It_ )_,t_lll'l';lIt ' Ol'[llOgOll/ll
si)_lldl:i IH I_1 USt' bhlol'y H('(lllt'lh'l',q O| I_Hl_%[ll bl -_ 2 K to _.'_t'llt'l':ltt' bl ol'lhogollt_l
bill;ll'V ._Vqllt'llCt'H wlvh al(' then BPSK Illodll]alt,d. This FIeldH slgu;%ls th_lt ctulslst
OI !_t'llllt'llC_H t_l _'1 BI'SK lutlst'_. TIlt' lllll;ll'V St'qllell¢C'S aft' g*'lIOl'tatetl l'_'cttl'slvol','
_lH |ol I_,wr;:
50
00000001-TSE08
m00000001-TSE09
llk llkl
Ilk+ I = L Ilk lll_j : k:l ,? .... I , I,'_ I)
Will'I'¢_
['1}Ii' ( .I,',.',)I .I ,
'l'llt,_I _ '2K ol'lho)'_OlNll(ll;ll'_,!iOlllll_lh'l':i_II','lhl'lllh*'l'_w!_,,I IIK. l".:whblll.ql'%'
(4-I)_ylllbOlol llw blll_irvllOllllOllC¢,ol 1,'lll.,lh_I I,_llm,d Io Iiiiiiiii,I;,':iI_LII!_L,_iI
lhll'_ll[L,IIT /I_I. Typlcol ly, lhi_ I:_n I',I'SKllh,dlll_ll[O Iwith l_ll_,' ov "chll," dlllW_
IIilll'l' ::'I'/M. 'i'llOI'¢,L'¢.Iv_.,I"'ollt41._l_ t,l_ lll;l|_qll_llII ,,l't_(IIi_II'ill,_lIo IIiot. ._I
blll:ll'y!IVIlil_qh't'_wilh _irllill';irvC_llriOl'ph_l:_,)IoI lowvd by vnv.,lop_,d.,l_,clOl'!_
O_h'h oI l_iol'lho_ol_01sJ_.ll_lli!OOl-dill_ll_-,,_nlld lh_',lld_,cidlllj.,llw _li,llalll'Oll_llllll_,d
vV_,l'yK d_it.abit:_, the'bit (,i'i'oi'l_l'Obabllllyol tlw tlOlh'oh_,l'_,nlll,l'oiVol'[_;I',[VI'II
b ')'(_{"-'"1") _ 2"(_/"-"l-) I _ - ,,xl, (x + _o ) '_)
x [l - czp(-x)] l_l-I dx]
M-.l I,_
m_d tightly ho,,md,_d hy
P < 2K-2 exp -
I, " "NO ( _"1.4_,)
!B
It
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FI.gnrL,30 mh_lws l:lte+l_'hi! _rl',)rprnhnbl lh,._ Its r_mqml,'d ll'nUl(i,3,/di)
Ll_tt flmt't.[uZl_+i l,_h/N()_ I+',JKN{}wlth K lit+,ulul_I_,n"uf dntn hit n us_'d I. d+,lerullt_v
l_[Ie! IHln_l)¢_| ' ¢11 _tl"[[l¢l_lll_ll fll}_lllt_,'_ Its ;I I_lll'ltlllplpl', I'*|_lll'L! _H _*lllll_Hll"l'll _'¢lll¢'l'l'ltl
ltlltl II_)lll!llhl'F¢+lt( I*pI'_'(vI'I*+I |'¢11' +)l+|lltl_'+LIIt;l( lLl_llltl.+l fill" lllO killl'l'l;ll I';I.H,' _1| I_ Ii,
The' Illl<'+ldOd (+(l_(*ll I'¢ll'l'iHtllillld Ill Ilfllllj++ I|I"_K _ | hill+P+ _llh Ih<+ tIVIIllIIII _lllr_tl * I_l'<thtl"
bllll? b,+hltl Iltl! pr,d)tlblllly Ihtll i)ll+_ lit' Illl)l'l! tit Ills' _) III.'NI'_"rhIpH" lift., Ill+'lll't'l,+'l ,
'l'h+' ,'+_lh,d vllse_+ Ilr,, wh+_l'+, we hllv, _ N _. '_P nl'l hnlt+,lllll t+l;+;lullll ('V)-Ill'y 1",+'{_I_l
j P_/ttlll_l_, ) . _htl{lltl" I'_*n,lltn Itrl,tdIOwll Ill l"l_ltl'_! '_2 {'_,t" K . Ill (1+1.. lIt't/t),
Nlth l_ll'lL_,r Vlllul,PI ,H' M I:lt_, dlflot'qu_'t' I_,lweell _'ohlwi_lll II11d Ilnlh'011_+l'l'lll
¢)l'lhO_llllt_ +l[_'_tlltl._ _)t!._illlt'It Stllltl _. The llOlll!Oht!l'¢'lll l'L'l't'lVl'l'_ hnw*,v_,l', I_t ,+-ihitpl¢,r
_llt_.! _t_ t|¢II._ll riot. Itt't+d lo I11cJlldt+ cilrrlqr ph_tsq qskLtltntllott, StI¢'_I 11¢llll'ollt, l'¢!|l|
tltt)dul._tLlott]deluotlttl_tt[ot_ ter.hnlll+te++ st:t, robust st.] com111_+tiIll _pt'¢+_td ,_In't'Lrutu
t111]l_._try t'OU1111111II_!tlIOll _yHLelll_ wht, r_! bnndw'Ldt:h efflc:lency Is th+t _t c_nt._idL,1"_it Ion,
|"or _Otlllltt_l"¢l_tl '.tl_l_]:tcnt|ott,_+ however, h_itldt_,[d'.'h t,J't:|t_C_lt_!y [tl vl, r_ hltl]orl_111I tttld
t:lt_!se orthot_OlmJ ,_tt_nll] lItlB te,'hn:l.qno+_ nre ;(lllprnct]cn].
Ollq Itonc(lh<.+l.'_'Itt: tltodtll+It:hnl l_e(!lllt_,qlle tht|l. lh'IH bt'+'tl In'opomed for rummer<'hll
nppllcntloll++ [30] :l_+ t:he N = 6 levi']CPI"++LKIllt)dtl)+tllotl dt_,'tl,'+m'_l t'nr] +t,t" t'tU,ll,lJltPl"
wiLh n IIOI]t'OJIOItLHIL l"_I kllSt't:iltt]lllttO_-" rt, t,e]vor. ']'hh_ 1,1_ 1+ I.'SK modul+tttot_ dlift, l',_
|[t?t+Itlk'Itt' bll:,_K lltOt_tl[tlt_Otl_ COII,_tdt'l:Od ithovt' ]|t t:h;Itl.t:|l{t,_ t'tH'_klllth+t+t_ ]_It+t_t" tl'Itlh_I"
t lOllH I'l'OIIt _ytllbol to symbol :l+Idth(, 11 possible |t+_'qttt'Itc.V tont)s Ill't, riot ol'tho,k_Olltll
to erich oLher. Tht, IlOl+CO_lCI;Ollf_ I"[_l d[,_t'yllllhllltol" roc,:,|vt, l! [1_1,_bt_',,11pl'o|n_sL, d
_+_Ct'llll_C It |_ C++ItP Of tl+t) It'+l,_| t'._llt'll_JV_ recL, tver,_ [tvnllablt,. The l+t+l'l't+l'lllllllt'('
Oi ._l+t'tlII lh+lICOllPl't'tttroct'Ivt'r of CI)FSK lllodttllttion it;|lot:l+l+L,tttsk!lykl1OWlt, It;++
SylllbOl t't_t+OI' l+robtlbllttys however, t_,_ tel"thinly tOWel + bottllt|t,tl by tht _ M _ /4 _'Ollt'rt't'Lt
CPI"_K symbol error l+l'Ol+nbl I l t:y (st!e I":II_tLI+t!24) .
I;Of blltill" V _(_llnl,'_ (I'1;=2), Wt" i'lltlll_/lt'l' tilt' Vnt'|tlll_ lUOdll[lltlolt tt'C[ItlIgttl_s tit
l,'l_ure 33. l|t+l'_,+ Wt+ t't111+Iftlel+ t!olIPYt,tlt tIlOdtlltltiolt/d¢+lllOdtllttl {t+ll ol blutlry PSK, <lll:-
l+.ri,ll[ hll ly ,mcod_+d I'SK, tllld bln,'Iry I;SK. 'rhl++ |st e+,+lltlltlr¢,d with dll'l't, rt+llt till I',_K
tlShl_ the I)BPSK ri,celw,r t+f l:lgur¢, 27 dilL] t)lt>llOllt'O11t+rt+llf. BI";+K r+)ct+Jver of I"J,_-
LIFt' _9, _]ollt_l't_ll[ dcket_tion ol dil:[et'k!ntJ_l]ly elx_'odt',d PSK _t_tlttt'tttk!d _1,'-I ill It[_ -
tire 26 asymptoticnUy (lar}4_+I",b/N O) results in a small loss (a factor of! two lu
urror l+r_babillty) when comp+tr,,+dw+.th coherent dt!t_ctton of conventional binary
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00000001-TSF01
IlHL'd tot t'¢'H_]IvIIIF: tim IHH" ph_iH_' itlnhl},,ully Iith¢,rCqll hi ¢'IU'I'[L'I" tt'ltckhIB h_HpH
lilt" HIII]pI'_'HH{'d t'_Ii'l'll'l" hltHtl'? IllI)¢hiillt h_IIHD ¢'*F_ * I'HK. A I'tlt'llJ¢'l" |Ot_ l_t'L'lll'H whL_I_
Lh_.' dil'lL'l'¢'Ht billy ,'_Jll('t'_'ill rL'l't'iv4'l _ _)f i,'lf;ur_, 77 IH IIHt,d _ilh Lhl, I)lW,_IK ml_liullltm'
•.|l I".[}_llrL _ *-)tl. |,1ill,lily, the-' I,'_K ,.'urvi,H ('OI'F¢_H]I(III(J Io BI,'_K W|l¢,l's, Ih¢* tw, t I. tIITII,H ;If'I,
_r t iiliF_cJun],
In 1949, Sh;uttlmt I'{I] Ill*HI HII_)W_'d I.h_lt It It_ puH_lbh.' t_) H_-,tld llatH _w'r ;t
Ill) [ ,4? _.".llHIIIIIll i (*_ll. I _)l't '21"_llltll,' ] %'[ I.,h _l|q'_ I [ rill' [ ] 7' KtlI;i [ ] L,|'|'_.lr ['_l'()b_|b [ ]1 ! t I _,,4 a_ ] utl_ _t,4
t'lÁt'L}d[tt_*_ tht' dHtH `4L'qtt('llt't' hUo ','o_lL'_Ot_d_ Hlld Ht tit'*' t'_'_'L'[V_']" dL'COdlll}', LhL' t'_.'c_'lVc'd
chauu_'l outimt ,4vlnbo.l_ b;Ick [ut_ H d_tH HL'qltt'llL'_. '. t)Hl? II1 the.' I_l,_t t_'tt ?{,;Lt'H h_l,_
._llHllllOll_ pl*¢tilii,'_' I)_'_ttll |0 I}L_ t't'_lll_t'd, 'l'hi_ w_l,_ p_lt'Lly due' to Lilt' dt'v_'h)plltL'llt
Ot till' Vll_'t*hl _ll)',ot'llhlll I't;!1 '....hlch t_l)',L,tll_'l' with Itlmh'l'Hl_' _IZ_' cotIvohlllOtlHI
codt'!_ pl'ovL'd to h_' qll[l_' ¢'11_'¢'t lV_' Ill I't)l'l't_','_ [11_ _, _']l;lllll_'] L_I'I't_I'H* Ih't'h_llm IIIt-U'L_
IIIIp_u'l_llll W;IH the' L'_JOltll [oll _1t lh¢' Ho] i_i"HIHIL _ ¢_]L'_'ll'L_ll[_' I_'[llIO]ol_,_ ' _lt I]IIH H_IIIIL_
[ [lilt' Ih;l[ ;ll Iow_'d lllL'l'L';i,_ill_,ly I;l!l[ _lt|_[ _'olltl_I_'_ Ll[)',[I;tl IU'O¢_','4HIII)', their _IH IIL_'_'H '-
_11"_' [_1 illllal_,ql)_lll Ih_' L,l;Ib_ll'Ht_, IL'L'hllJqtl_'_ th;ll _'l_Ll[ll)', tht'ol'_,' dL",'L'lol_*'d III till'
IoW_'l" Ih_' t_ll l'l'l_l' I_l'ol_lhlillv. Ilow_",'t'l'_ whl'tl d_'`4t_',HIIll', _1 L'OIIllllttlll_'_lt Ii}ll _%','4_L'iil_
_W'I'_III Imtl_'l" I_I'|OI'IiFIII_'I_ It_1. _ll'pt'l!_iu}'_l_,'• the' IllL_dUIHI i1_11_ _'l_ldlll_ ', the'
tl*_'tl I O)_,*'t Iit'l' WI t h Cod ill}',,
Ill tll[!_ ,'_t't't I_ll _q¢' | II,_t t'_tlltillt' tht' Illo_t CL_llttll_lll_,' tl,_t'd L't_t_t%='_ with coh¢'l'_'tll
I_P?_E _lllLt I!I'._K Illl_dttlilt lottO. 'l'h_'u ',_'L'dl,_¢cmu_ ;I _','z_t¢'llt;lt i_' ]U't_*_%hll'L' ItU" ¢"_';IhtHt Itl_',
IlIO_lUl,II (¢ill l_chlllqUU!_ tit;It wl I I h** ttm'd tt_',_'l lit'l' I*.'[|h I'O_llll_*
1
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I_,,,'+iII lh+H I+w IHq{K ill,++Ili[;|l (I++l till + 1111 +,i+rtlr I+relI++lhIIIty 1+i i;Iv+,ll l+y
/p+,,)h, " l+ .,,.
_.'ll+'l'L' I',h I,_+ lh(' +,11,'tit Y I1t,lI d+ll+l blt +,III_,1'h;p 111+, KP,+iK ll10+hIl+ltl)r. 1'hI,'-I bit
+,I'I'(11' l,r_Iml+llity (t,l_ '.! t'111'vt, 111 l"II.lll'+' 21+) Ill+W lilt1 I+_' ,'-+111+III_'llLlll+'II l_ll' l'l+lt+l_'
II+_L'l++l +I1ld l+O X+_'11xlpht Ctll1+;Id+,r tilt' tll+t [,ll_:
(_t) I t_' I"_+'+I;4+' I+tlX','_'I"
(b) hw1+_'+l,m_' _ymIll>l dtlr_Ich+u.
Both o1 ttlumt' h+wL, Lilt, _,|t_.,L't t+t [tlt'l't,[t.'_ln). I.',b +hJch ,.+_ottld Io_.,L,r flip bit t'l'l'tll +
ill'ill+,lilt|try. A11oth¢,r l+t+,,_mthIllty l,_ to lllt+t't+dLIC@ L'Ol+llll}_, tSl t'C'l'1"L'¢t L+1'l'Ol',_t
¢+lu,'.+c_l II./ t h_' no t_y ch+ull+L'l. IIt'r_' '_l + '_++lll +JL+Ct+t'+l,++_+.+ t tit' I+J[ I +.+l'l'lll + t+roll+tl+ I I i t + b'+'
kL'L'l+[tl); I",h ImCll_ltlt'_'d I+ul _ll _l _'tl_t Ill' Illt_l't+ dLl,,tt_ll i_t'ot't'.+4.'_iliF +It tl|+.; tl+_llt.'411lll|_+l"
t Ill till' IOl'lll ill _ln t_llCt_dt_l ' _llld _11 till' I_._+t+iVL_l` tit Lilt' till'lit _lI _l d_'¢OdL'l'.
|':11¢t+_+[[ll_ [!i+Jl+llt,_IlI+[It1'I+0 lllOdllIillI011 _,_II[ I' Lll._++'tl+.l[ll_ I0 [[O',_,"l_I_lllL1_lll[_ [[Oft
i _l!_.+;llt+X+llli "i);tll'L'Ill, ]"I+0111+l t'otlllt};polllt' ol vlt'w, the' I+Ol'[loll ol lilt'_,P,'41L+lll
!
I I++'twt'Vtlilt'[llllllt_+ tIl_'lllOt|lII+llOf+ltXdtiil't+lllI+Ittoi tilt'JL'Inodlll+llC+l'.m l'¢}'+_ll'dt'tl
+t+_ltilt'_'t'Od[ll++,ch_lllltt'l." l"tll'III'_K+ItIJql'_K llltldUl+ttlOll_ t+'t'h_Ivt'tll_'cOdtltt',_'ll_lltlt'l
lllOdt'I__|ItIWllIll I,+[I;tll't, _'_, l"_+l"I+I'SKIIl_"lwol+ahlllty t: t+l"lllill+,[IX+;_I ¢h_ltlllt'lt+l'l'L++l'
(r¢l_,rrt,d to +it+till'¢l'tl_OV_'l_ pl'_lll_ll+II.Ity01" tltt'lIIll+try_yllllll_'tl'l¢_q++tttll_'l(+I!,St+.))
i I,+_ +,ivL'tt by
p x,_llc,It, I': l,.+ the, L'ltL,r:,_y pt'r t'_!tl_,tl I+hl_tl'y ,'_ymIlt_I. Ntllt' that till.'-; I+ Idtmt t_'+tl to
tll_'I++I',_+KI lt _,l'l'orIll'ills+It+I [tx' I+tltltow L,+tt'llIi[thll'y._,'llII+t+| 'ItIt'lllli'_IIll,ItI'SKlllt+tltl_
l_ll_q' IH +I,'oJt'_Ibit whll'h I_ +lllt+llll+lltOI tilt'¢h+lllllt'ltql¢Odl'l'.
Th+' ¢ll+lllll_'lt'It¢t_dt'l_ +Ikl',+_d+ll+l l,lt+_ _llhl_lltlllll,+;_'t+tlt'tl_+II_IIIIII'I_ylllll_+l,_o
i For the' III'+,;K _'h_ll_ltt, l th¢,'.+t, _oltld l+t, l+hl_tl*y .yml+,+[._ ',+ill It, I_+_ lilt, t_l'_K ntodllh_l i_+ll
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III,'H_' ;tl'¢' lt'_tl'V HylllbOIH ill" jI_IIFH O| bll/_lry H_/ll_oli_. _ '|'O l|l'hli_vl ' e_l'l'O|" cOl'l'_'?ttoll
capahll Ithm. ._illllll'l'l'lhl!_II_'S'l._liltr,_dui'edfly llle_ l'Ilillllll,,lll'ild_.,l'.I"oi"lh¢' IlP_K
cod lug,ch_lllll,,l',..mdt,lIll_,lh¢'coill,l'_lli_JIM I"b(l H/L'_,dedbll willI¢'|II_lq|l_l'ilJ I" IPl
di,llll,'dIllbll_i pi'l"eod_,d challn_,lHVlllbi,I,l"ofBPSK lllodulalhilllllt_ i,lli,l'gVpi'l_
1':¢,_ IL h (I,4.t)
4. ;! BIo,'k llod_,:i
Block t._d_n l't.,l'i,l"Io lhe ,.,llCOd[lll,_ techulque wll_q'l,K d;I{;lbll._ _ll'_'collected
by lhe encodel" _llldIII_,IIa "Idock" of N ¢'h;lilll¢,J_ylllbol._lll'qMr,Ill0"_/i.,I__llqcod.ltlI"
cll_Hlllelto l'u,pFt'_iHllthe K d_ll_llilts. For lh_'llltl_ll'ych_lllllt'lh l"l_tll'_!'_5_IIWe!
I
lllll:lll lulvl' an r = 2 hh_ck code with K _ 3 aod N = tl (see Tabll, l-2).
Tlib 1¢, I-2.
A K"31 N"_0 Block {]ol|t'
d_ll _1 b i I _ ch_ulllt!] b iA ,_ (,codl"Wol'd_)
tl01) l)lll)Ot)l,I
(l(I I (l(I I 1 I I
t) 10 Ol 0.1.10
01 I 011001
1O0 100011
gill I01100
II0 ii0101
ll.l ll!OlO
]
Kt'elllntl r :_ 2 w,' Ultlllll; lulve .:1 COlic with K i f,i ,<llld N ,* 12 or llO._tllly K = 12 _llltl
N " 24. Ill gi'llt!l.'{ll. |'ill" il [IXt!tlratio r --KIN we I, illl achieve alUaller lilt _rl'or
llrobabllltle._ il_ lit, lucrea._,.,K and N in this proporl:iou. 'l.'llt,_ 1_ true ll_ long
a.'_ the ttodt, rilt_, 1" t_ le,,.t_ tllilll C_llantl_l Calmctty. I,'ot- Illt_ htllary _lliltlllql otT l"t.t_,-
Ill't' it$ii tilt' l![lillllll, i i_llllil¢'t[ 7 tl.l [1 l
C " 1 -t, _: Iog2C 4" (1-e)lOg2(1-C) lilts/coded lilt (1.4.4)
.... - . . .+..
Thv QI'_K Colllllg chilllllel I_ q¢lulvillt'ilt to two III'SK coding ,,'llililltt, l,'.i.
62
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00000001-TSF06
A prlleq llqtl I_1 tlltll'u Itltllilrt:atH. l);l|?zltl]l,i_-q7 !+lllltl (!hlllml'] elt|lll.e|ty I vl LII__ ujl.ll.tl.lltq
{'jtj.+ll.I.I. 1".¢|I#-' I'() (_ilf)l) |'lil'!'l'l'l'll t:ll lt_l ¢'lllll]l.tt.t._tl lilt/Ill c}/(+ll.[.( I'.ll.t.i.' flmlll It.n itl_lllgl' hI
neilit_,ul lal d,elillluIO whh'h fur !.hlvl vh_lllllul I_l I-:lw,u I_Y II 1
ri)- ,- 1,,}:211 ..t. %_;, (/j:-)] bltvl/e,lih,d ',It (1.4.")
Thin IM nkl,il.elle,d In I"l|IIIl'l' 'tfl. Ill }li.llll+,l'lii wt.t ¢llll lilw_iyn fiud e'ndu_ lif rllll, i"
lillll |lhlck ll,illll;|i I_I (l(,=l'l) lillt'h Ihllt till, lil'lll/Hh:ll It:y ill il lllll.ll blL ql'l'tlr ill tlu,
l't,l!l, lviq" [_i Imtilldi_il hy
-"Co-'7
l' b < 2 (I .4,6)
This bit i.,l'i'tll" i>rollallll [iy boutld l,_ ,_llowii Ill Plgurl, 37 ilH _l fllnc!;lon of l:(l/r
('or Vlll'fOll;i v_llllc,_ of _ _-'_I'_. (;,1l_11"._). I1_ lolli_ _1._ Y< 1"() W_,! C{Ill _lCIl.[t!Vtt ill_ _lllil[[
ii bii t,l'l'tll" pl'Obllbillly _l:i tlt'_ll'qd by I'lltlo,'l|lll_ lart',t' t,liOligli v_lllit!_ ill' N.
Illlllll'tllll_llt'( V the I_l'lll'l'_4,_ltllt t'Ollll_lt!xI!; 7 t_ iLL lilt' t'ill'Odt'l" l._l I'Ollllhl 7
c' :_ 2 K : 7 I'_ (1.4./)
'['_lllil)., diF, i(_ll l_l'OCl'_iillg Calmbllil le_ illld the ,_pet'd oi coullmlal fOll_ ],_
rapld[',, iIIt'l'_,a,_hl F s_ thai we _li'e _lbll, ttl dl,w, lop tmdlllg _),slt, lll_ with t,vl_r
[liCl'l,_i_illl,, blovlt lellltlh_ N.
4. I Ciqw,_lill [oii_ll Collt,_i
¢
'l'h,' r I), K : I_ _illll N : Ii l)llirl< _'odl, ._liowu In Tali]_, I -_') _'_lil |llIvt, _lli ]/
i,Ill'l_)l'l" Jll_l,_ll','ll_'d Ill )"//Ull'l' I_l. IIl'l'l' lilt' 1)1£_'t' d,'lt_l }HI,_ cIl'_' ._;)lJlt_'d illll_ t
1Ihe tllll !ihilt I't'l',i_iltq' ol' di_'rett' dl, l;iy lille mid tllell till' code ._wllc'he._ t'lll,_t,
f<l /llffrl _l_' _' _r lll_c Ill.'l_ I(l/'/II fill' ('(;cll'l¢l_f'_l. Th<' ll(l(/cl(ll _li,_c't't+ll + /ll'l,'($" II(ll'
(_ ,'dlilled llll( _1( (wh'e (hi' t(_Illl IWl{t'. H_lllleullll l_'_l[IVl (lie fl i,ildi,,Wlil'd Ill(_i
' _; ;l!i' IOl'llh'd llXIIli lll_' iS Iiill_l llil_ it _ (til,ll;!,tl l) by
x u I; t I .4.14)
_3
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3 IN
(a) CLOSE SWITCHESEVERY3Tb
-'--1_ _,_
(b) CLOSE SWITCHESEVERY2Tb
2 OUT
_. (c) CLOSE SWITCHESLVERYTb
_ fib
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WhOVo
•['"+"1I: - |Ill 111 Ill 11,4,!))
Lilt) II +.IJ
V.,_+h.:+like flit,++ wll_'ve .II 0t.h+wol'd;+ _tl't' mvl'_.'ly lit+oar _'OlllblIUI| h+11t't o+ K VOW
Vi't'tol'++ Ill +l It)_Ollt+i++l|l)l" llllltl'[_+ II +tl't' t'+lllt+d I I.llO.+l.|' t'ttt[t++pl, IIeHldell h+Ivlll£, +I Vel'y
,,-tlltll+lO t,llt't>dt,l' HtI'IIVLIIFI' t 111t'Plt' o_ttle+i IL+iVt+ flit, I+YoI+oI'IV that lhe lllt+dlllo+',P Hlltli Oi
+lilytWO t'odt'wOl'dH l;+ +inuttlvr ,',,dowm'd,
+
<P+t lleXt t il,+-¢ Hhowll Ill |;||+ill't, +I('(I_t W|+ /_hilt: OlllV two tliltil bll+.l lllt_t tilt'
top dImt!r_,lt, ill, lay l lne bufor_+ t'Iosln£, l.ho mwlteile;l to I't11'lll it t'lldO'c/Ot'd Ol (I bit,n,
It' we c]lo,go the .nwltcheP+ eVel:y t. lmc t:wo dat:a blt,_ :we v¢hlft.ed hi, Lhc let+t+llloi+t
twu t'oded b il:_ llevel" get Pdtifted t+ut: alid thu,_ we t_+lll e];lltt|tt+tLe t|ll.' .]._IH( tWO coded
bttH. Next, +nLq+l_tmt, t'he ,_+it:cllt'H +11"4, elo.med ew, ry time a _|ata blt .l,n +4',tiled In.
lit tills t!;l+";e dilly IWO _!l+dt'd billy; ;1£[+ _hJJ*Led oil| bt>J+ot't_! LIlt' +x_lLt!lle,_ t']lL";t _ ;I_t+IID.
I|t'ltt't!+ Wt' t'+_tl ILoY_t't *+tll btlt the right-utoHt t+wo _lddevso
NOLice that in l"i+_ul:o 3tq _]l. ettt'oders lta,,/e ouLpttt.'+ that depend on at llloHt
K :+ I bit,,+. Tilt'eltt'odel'sof ]*_[++tll'eH ++_I++tltltl3Be, howt'vot'_ lit+loll)Lot"h+tve ontput++
th_tt naturally Hepill+ilte |nt.o Indt.,ilt+_ndellt bZtocks in? codewot'd+_ of N = 6 bits its [n
Lilt! ell¢od<.'t" o[" ];[g(ll't' ;]_+t. 't'llt+!se etleod+.,Pn _tt.'o c_tJlt.d 3:onvo.ltt.l.#_jjt_lJ, ¢!jty.o..de.t:s. {.[]
and genernLe +:_2t+.l.y_ll+uJ_.+t.ut)!Ll+ .c.o_13_Z+.
tCOtlVOlttt]tttil] code+ cannot: be simply ttesertb¢,d by listing for each K dat_a
blt:._ the C.Ol'l'eHl+ollditlg N coded btt,s as Jn blttt_k coding° l"oF Lht+ t!OllVOltltJOllil]
cod+.! o[ l'+lgttl;o 38t'. t!ot_ example, It ]s i_lt;re convellJ, etlt to show the ent'oder its a
finite Pilate lllitCll[.ttl+!(I"SM) det+cl:J.bedby l"i;+,ure39it where Llle 8LitLe O|" the eltt!odel."
tn the previous two dat_tl bit_ that lit't+ _+hift:ed htto the encoder aud is d_!notod by
S +- 0I,B). The encoder 8t.at:e t:t'lttl.'+Jt::[Otls itl'e de_cr:tbt,d by tilt, state dJil+_t'ill,t ol:
I"l_tll+t ' itt)l+ Wllol't' dotted |tltt'H Itldll.'tlt:e +1 _J_t dttLtt bll elttt!l"ttl_ tit|, t'tlt'odel + +llld
tit,. .++olld Illl_m eOlTe_poltd to _t HO" d+tL_t bit, The l+l'+tltellt_,'-I ill'l+_ lab_'tled with tilt,
two cOFl+t!Hl+tllldlll+_ t!.dt'd hit.'+ tll+lt t!ll[+.*l" Lh<+' dodltl_ chtlllllt'l. AIItl[ht'l' de.++t'l+ll_l loll
Ot +_ht' IIIIHIIS .ClOd otltptltH ol tilt' t'OlIvohlt IOlUtl eltt!t+dt!l" [+'+ tilt + tl't't' tll_l}'+l';llll OI FI,'+-
lit'(' 4(}+ lit.re tilt' bt'ttltt, ht!s IllovluF, lip OIl Lilt! tl"t't' Ot+!l'l'O.+;l+t+lldH to lit)It ditti| bit,++ anl
atoug th+, bl'itoch_!s we show t.he coded ouLpLtt, bit;-+ ol Lilt, t,ncudet'. Note t hat lml't._
of Lhe t:t'ee +ire tdetttit!al to other part,_ of tho tree. This ob++ervntlLm allows us
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I'¢qWt*_¢qI|;ll _111 Of lli¢' t_killl' d|_'|gl"itlll {if };_lll't! ]_)}),
]l_'l_ltt_¢! _| |:lit' llt!t_tlv_liv{!_lH dt'l)plldl'tl_P ol i|lo _'lmvolt|l J_l||l}.l _|1(!|)¢_1:1 t-I|lt:p_tl:_
lll_ thp d{tt_i b lt:_ Ih¢' l}¢,rlltl'lll,_t|l'p ¢1|' i,¢ll}v{!_tl|[l{)|}lll vodlttl {¢!|_dH {;o _)t_ 11_,{_.{!1" I_ll_l}
I,_|;_!, i_l i'{}l'l'lqipl_lllllll_ I}](t('l_ _'{ttlt,tl with |ILL' N_t|il{! 1"1|l¢' 1' ;tl}[I |_|t_l}_lL']' Ill tll|tl_ I|J[._
R _ I'No ']'hl_'L lill_y _'-'¢_111HI|FpI'IH:III_ _||}li'l.! IJ)P cq){',_dp|' _l'llPltll_ ' |OF _'_}l' {!tll}_t)]tt{ hll}_i]
_x_d¢,._ (H l;l_{m'p '1lt hmkr_ _l,lld{q ' |llill| IIll|L ¢|1' lilt' b}(_¢k {q..l{'.
I"01' _ilt' ]_P,qK-}_(ql_q';t{ t!(I _!(_{_[tl|_ ,'lllttltt_,'i elf 1'_|_ttt't! ;_),[_l ti_.ht_ {,'{mV{)11i[loitlt]
c, odt2, _} ot' I;_tt.t! |' ;llld d;l|:{_ 1>4| III['lllOt_y I_ m |_ I)ht.'l:_ ¢!_,JHL eOt|_!tt v_hottL, bJL _'l_l_ol.'
pr(}bahil, I ty siltJt4t!:l, es tht' hotrod
2-_t'O
O0 O0 O0 O0 O0 O0 O0 O0 '0_
,,,,,,,-__,<_
II II _ 11 ,_
t
_: _ !__' "* '_,/o
'_ o o,o_ ,_,c
| _ @O0 C =\
,oi ,o!
t
, o_,, o_,, o_ \ o_\ o_
'¢'°V'°_/'°\ ... _ d_-:_[_._
Figure 61. Trell.t._ Diagram for (,onv_lutt_nal Encoder
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l:lgur_) 42 llhmt:ra_:e_n t:ll_ bit _r):or homld of (1.4.1.0) as a f_mcLlnn of ro/r for
Vl_l:JotlPl V£1]l_Ol-I K. (',Ollil)lll'Jil fi l,':lgUl:_f+ 37 lind 42 w++,+ol)f_rvo vorJfleatlotl of I:h¢_
|lr¢_viotifl fiLlit:Olll(_tH: I.hld:) for th¢+ HI, lIB+ l?ltt:_+ r ltl]d dlll:ll b:l_= tlltq_lol')/ K I:hfa L,OliVO]tl_
I:h)m_] nodo_ gc_l_¢,|'al Ly I)av¢_ Hllllt]]olt I)] t {!171701?I]l?obl_b:l ].J LJ.l_fl thrill b]ot:k +-'Od_H,
'L'ho opthm|tll doeodhlg of e+onvo[ut:JOl|al <_atl he doll{., uH|,IIK t:||e rite, rid. Mgo+
rit:hlll whJ(;h a],_lo |lat) _Ollqf[t_xJ, Ly otl t:|l¢-_ o)?de.r of (l .4.7). 'J!hlH a]gorlLhm mmr_h_m
a],l pat:Ira :Ill tl|o Li'(.]l:l,._ d:ltigl?a_l of l,'iguro 41 which rOrlUira_ rough]y 2 K comlmta -
1 ,tiou8 p_;r d,,pth Into t:hu kl?el],:l,14, llem_e, 'In COlllpaP,].ng b,o(.k codeH w:lth convolAt-
tloua] _odo_ fur the ._mm_; cuuq)loxity we shou].d use _hu _]ame rat:e r aud dat:a Idt
IB_IIIOr y K,
AH IIIt!llLlOlli!d ear]Jut, OllL', Of t;h_ rt_asuns (,.od..In_ first |)t_C(lllt_}. p_/ICtJ._.',ill Wd._
t:h_+',_act LhaL couvoluLiotm] (_odes with Vikurb]. decoding were! (jtti_'eeffectiw! for
valuers of K that: were _lalmK(_able |'rum O. UOml)lexJ,ty aud s|)eud viewl>oJt%t. US_UM
, ) ' ) .Coll%lHttt'.l: ,_L!dl'_!h tuchtlJ(]ttL!,'4) good (.ollvclutl(n,%] codes wuru fouud by OdelIwaldur
I i ] , "_'
134) for va.lu,.!s of K UI) tO I0 attd r = "2"' "3' at;d 4" l,'or the be, st cOrLVOlt|t.l.(t+lo.l
.I Fi_,urc 41[ shows the l)It error bouttds.
_:odes of 1" = 2'
Couv. lut hum] code:_ cau also l)u decod(_d us(ng a true search fi]gor_thln
call,'d seclueutinl d_,+.:odl.u)_ [].]. Indeed, ,,.+equet+.tlaJ dettu]ng prec.eded the dt,,+-
cowu'y of the Ol)(imum Vicet'b{ a]g, orithm by abottL iO years [35]. The (:onq_tttat.ionai
complexity ol seqtt_+ut.i;.t] decoding is [ItSUttsJtiv(.+ _o thu uttcodul + daLa bit iiiGtltlO[y Ks
but. ha_ +I l';tll_h)tll OIIIOtltl_ o{ (:ottq+ttt¢lL[oti [)er data lJJt Lhat Call C,+{LISC hul|:er ovcr-
lh)w_ dt the l'C(:()Ive)" [I t'l!e ,'L}+_oFJLhlll J,_ ,_I)trtldIng too llltlch t.[lllC _¢,archItzg,
Siuc,¢, [a)'gu K [,_ posPJJbl_') £he dr'eta'dud l)i.t error l,rol)abJlity uslug 8(+quentbll
+]t,t'odJl)_ )) JH tltJil t+ ._)))+)] 1. ]](+wt,wt'r) with not ,+4o smnlJ ;l probabJlJ).:y) ;n+y recuJvt,)?
data bulf_+)" storap,_, will overJlow aud dat:a wJ].] bu ]i)st. x,+_tt)+ +..vet lnCF+,'IL_J+I'£g
COIliptlt:tltJon;l[ _])ueds ;l|ld ];ll'_t!l" buifci+.'.J ztV+llIab]t!) _Lt(ILIL!IILJ;[] dt!cod:[ll_; is
b¢,COtlt[It[; 111or_' C_)liltlh)tlly tts_,d ]11 )>l+_tct[t'c.
4.4 :+Or.t+))>T.i.,_._;)>_.l_>,y:ldIAk'+
l.t[+ It) f+itis I)O[11l wc hLIv+.' zlssllftlt',+[ LIIOL th(' cto<lJtI K chctlltl¢+l ¢IH H|IOWll .ill
l'*l};ttlt' L'+ is dt'f bled Ito,l Lilt+ Ll'atl.'+tlliLLur)s lnodttla[ol + Ittl)ttL Lo t.hu rcce]v(.,Y),'4
demt)dttlatof out[)ttt. For B|),'4R lltodttlath)ti t.ht++ l+e+ull:m Jtt t:h(+ D]tI+IFy symmeLr:[c
Challttel ()l I.'l_ttt'(, ]5;I. |It _t+ltot'_lt fOP ¢tlly }]-,*try moduJ.;ltiOll this would rUHtl].t +it
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a codhtg ehatmel that has M ltlputs and M outputs such as the M = 4 QPSK madulatlon
eodl.ng cll;h_uel of ];lgurt, 35b. Tht,tte cod:lng chaBllels lira cal]ed "hard dt_c:l.Hton"
t!ha|nlo ] s,
When tht, re,t: of Illedlt],/ItOr Input M_llry set|llUtlc'_-_s I11"¢ t )?t,MtrJc[od it) lie eadm'd
soquenvcq% hllln_oved per|orllllnlee i_llll he achloved hy uM[|l} r' tilt' rad:lo cqtanHeJ output
statistics before, the dt,modulnl'or dev[:4Jon elrcult. A coding Chd|lll¢'] th_lt
d,l.rectly uses these ¢',halln¢_.l output var:lables pr;lorl to ally d¢_llltldnlator dev.JSlOll
clreutt is ea]l,ed a "soft decision" codfllg c.banuel. Consider BPSK modulation in
an add|rive white Gauss|an noise channel. As shown in Ftg.re 66a, this chanuel
can be modelled as one with an input of ¢= /-}'_ and an euLput y consisttn[_ of the
input plus a Gauusian random variable n. With a BPSK demodulator a dee|stun is
made based on tile sign of y result:in_ in the equtwd.ent btnary synanetric channel
shown in Figure 44b.
Instead of "llard quantizing" the channel output y to obtain tlle hard deci-
sion coding chann,,1 of Figure 44b, _mppose we now assume y is the coding channel
output. Under tilts assumptlon, we then have a "soft decision" channel with a
cutoff rage given by
[ e-fEb/No]r0 = i - log 2 i + bits/coded blt, (1.4.11)
Thls soft decision cutoff rate yields the same cutoff rate am tilehard decision
challnel (see (1.4.5) together with (I.4.2)) with approxinla_ely 2 dB less Eh/N 0.
Thus, in terms o! overall performance fur BPSK modulatiens, the soft decision
channel resoIts ill approximately 2 dB better pc_rformance thall tile corresponding
hard decision chancel.
lu practice it is difficult to work with real numbers such as tilt, channel
ottLput y if lets of digital proct.ssing is required. Typically, y is quantized to
8 It, eels or | hits as shown in Figure 45_ whlc, h is drawn for tilt, specific case of
a hard dec. Isles challnel crossover prohabil.ity t = .06. In gene, ral, 3 bit quantiza-
L lee rt!sul t s ill only apprt)xlmat ely . l dB less compared te no quantizatioll at all.
I._xamltlvs tit tilt! bit ¢,rror probability versus Eb/N 0 for various rate 1./2
cod.,s dl't' showo it| I:igtlrt, 46. TIwsc art, all for tlw BPSK coding channel with
t, itht,r hard er sol t decisions. The (',olay slid Qt:adratlv Reshhte codes are hlock
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Codes param¢_t_q'|zed by (N,K) where lhm:o are M _ 2K ee_dewordn of block 1.mlgl:h N.
'l'h++ r+,BlalnllH._ +,tlrvt+++ _how v+ll'lotlP+ t'++liwalltl 1++i141 rl+d+,H Wllh Vll-.+,rbl dL+e¢+dH+,g _ll+id
_uqU+,l|t lal d+,rodlllg. Tim u+_c+nh,d I+,I'SK curve is+ a|Pm +,lll_+W11. lit, FigUre G7 w++ C+ml_
I I
p;H'+' I'/IIL'+i I+ '+ .j ;111d t" = i |++H"V+ll'lol1++ e.:Ivulu++hmlll +'-d_+n. Not.++ |hal- +it I+]_.:++.
¢'I'I'O1" l'd++++':+el 11|+(I Liter++ Ire /+ to 7 dR |II l';h/N 0 to he _,ah++,d l+y tq+l+Jyl+w current|y
H+l+.d 1oFw;H'd +'l'l'Ol' ¢O1'l'e,el loll +'<nlln}, t'+,+'h+1|<l+l+'l+tO I+iI'._Ktl|OdtlI;t+ Ion. ( +|tlpJL+xlt:y
;llld +qp+,i,d l'_,+lltI l+_+,Ittt,lltH dL+t t,l'ltl[ 11t, t NL, ++'It++[ '+' +_i t'lit, par t I_!ttlar +'od 111g t <+'+_[l++Xllilt+'.
'rh_, perl.rm+tm'e of conltnerclal]y available SeClm,IXl [a] ;llld V'tterbl dec, odors
hl t.abulated In 'l'abJ++ I-3. l,l,nted here tt]'e the l,b/N0' vaJues In dB that ave
requlr+,d to achl,._w++ tile g:Ivt!ll bit: url'or prolmb:l,l.lt:l,es. Thesu _ll'q eolupared w:It;h
(hi' vaJ.t.lt',_+ |'or xm¢odt+d I',P,_K m" QPSK ll|t)du]at_iJus,
For the most part, coding tee|m_ques haw_ been used with BPSK and QPSK
Illodttl_lliou,_, In particular, tile coding results presented above as,'+UlllOd only
these two modular:ions. If, instc_ld, we u._e uny it.od'alatiou technique but on.l.y
consider tlt_ end-to-mid modulau].on bit error probability Pb (as discussed in
S_2c_loa 2)+ [:llell We have an eqt_i.wtlent binary ._ymmetric cbaSllel a_ ja Figure 35a
where _: = Pb" With this substitution all. tile hard decision coding curves ca_l be
a+tlpl.ledwith slight modifications to reflect tilenew relationship between t and
Eb/NO through e = Pb" Another approach is to compare the Eb/N 0 differences for
a fi_ed _ = Pb fur the ruff(|us modulations of interest. The hard decision coding
curves of Figures 46 and 47 would then be shifted by the same amount.
A more fundamental approach to examining the impact of coding techniques for
various |nodulations Including all types of hard, 8oft_ and quaatlz_d channel out-
puts i8 bused on evaluatlug tilecutoff rates for these various channels. Consider
allynluduJator input a_phabet :_'and coding ehaanel oo+_+ut ,+/. llere +_P'is typically
sume M-ary alphabt_t and ,+Ais determined by tile channel outputs which are typlcally
carte+aCt- outputs followed by some qttant'izatton. Tile coding channel is then
,JP. These call becharacterized by the vendit.tonal prob+lbillties p(ylx),yc.p/,xe' "
obtained for each type of modulation and channel cerrolator out_,ut quantizatioll.
The cutoff rat_,_ f_ defined _s
k .... 7_
......... +Jl i ..... - _al= __
II I I II I - I 1
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" IH.t:_/eod¢'d bit, (I, 4. ] 2)
q(x)
W_! have! l|],rt!ady stain _h/lt for b].ot'k t_odofl 0 I:hort_ _xl_tt: codes of rat's
r 1)'lift |l(_r cJl_nltleJ. Sy,ll|o]. lltdotlH:hl H to ,_'and b]tlt'k ]ett_l:lt N HtlL_h t:hat tho Idi
erro_ prolmb:l.l, it:y Ju houuded a. :l.n(1,4.6), ,_JlBl]ar_[y, l|s it g_.!ltt-!l?l|]iZltt'lol!
J of (].it.]()), theirs ex:lst o.otlvo]/tt]onal codes of Flit't! )? " b/u wl.me bit ¢,rrur
probabJ, l:ll:y hns the boulld
b .Nr 0
_ A(b, n,r)2 (I.4013)Pb
i
i where
I N _ uK
i A(b,., .........:'A .......
t
i K _ constraint length (1.4,14)
llenc¢, for any modulation there exist codes that have bit: error bounds identical
to those for the BPSK modulatlea where the only difference Js the value or rO.
Thus. using the r0 versus c curve for BPSK (Figure 36) as a basellue, we cau
measure the effectiveness of coding with other modulations by comlmring their
cutoff rates, as computed from (1.4.12).
For coherent MPSK with soft decisions, we have the cutotf rates illustrated
illFigure 48. As Eb/NO: increases, it is clear that higiter order alphabets yJ_,id
higher values of cutoff rate and titus itigher coded data rates. [.'or uoncollereut
MFSK with hard decisions, similar ,'_sults are illustrated in l"IgnrL,49,
[;or the CPM tt_ehtllqttesjJt is ImporLant to uorula]Jze with resp_'ct to soma
t:onm_on bandwidth. Iu Figure 50 we use tht! 9!)% bandwidth _rttet'tou delhl_!d by
(1.2.8) wtth tile equality 8|gtl. Thts shows till! use ef it rectaugu]ar Itltt!r
for several modul at iou Ilid l',!t!s t h, a IphdI1et s, , q_, *ted fit I st, ult,utorv ] ,,lt)_th, l,,
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F|R_re 5(). r0 versus signal-to-noise ratio for coherentp maximum
likelihood demodulationj 99 percev.t bandwidth,
rectangular filter (reprinted from [16])
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l_l t_yml)ols, The cutoff rato_ herr. have been norl_;l]l.zt.d by tlw I)aodwldth and
as 8still are measured Jn blttl p_r _u_ond p_w Ilz. It ],_ Jllll)orltu)t to IlOtt_ 111
tills figuru how eill)_o Lhuu_ CPM _(-_elln]quon are t.o :ht lily,err,tie,lily maxlmtml
value denoted r O eveu thoegh t:hese signals /Ire i't,,_r|(:'etl to have OOlb_tdll|:
e)lVl) ] flIlt_,
If we. wore to lmllOat_ t.he Inort_ rt..strtctiw _. FCC bandwidth constraints dis-
cussed lu Svc.t:l.eu 2.3, rhuu the cutoff rate parameters for rectangular, t;riaufiu-
.far, and raised cos]lie fil,tcrs are shown in Figures 51 through 53. In these
figures the curves are labeled XZZY where
Y " L, pulse memory in symbols
RE, rectangular pulse
ZZ ffi_TR, triangular pulsei
RC, raised cosine pulse
fl, h=_/2,0_" {0,±i}
X = _2, h=w/4,d- {0,-+I,±2,±3}
p [3, h=_/8,,_= {0,±I,±2,±3,+4,._:5} (1.4.15)
4.6 Concatenation of Codes
Although in theory it is possible te achieve arbitrarily small coded error
probabilities as long as the data rate is less than the channel capacity or cut-
,!
off rate, in practice we are limited by the processing complexity and speed te- l
quired in channel decoding. For this reason eonvolutlonal codes are generally !
limited to constraint lengths K <- 10. To achieve even smaller error rates wit|)
forward error correction codes, Forney [36] proposed using a concatenation of
codes, i1
Figure 54 shows ttle most pollular form of concatenation of codes. Basically,
this approach is to now create a new coding channel as iu Figure 34, only here
tile uew codLug chant)el begius at tile input to a cenvolutioual encoder and ends
at the VILerbl decoder output. The cenvolutiona] cncoder with thu Viterhi
dt, t_odt!r that Iorms part ut the new codiug chdl)ut_l {s refurred to as tilt' "inl)er
c.ode." This lnllt!r code dot!s in)t have to he restricted to a ct)nvolutioln)l t!odu
with a Vlterhl decoder. |.tkewtse, tIlt, outer code does nut have to be a Reed-
Solomon code. Ilowevcr, these ate tilt, most: (,amman types o[ tnuer and outer codt's.
• _1 .L ...... -- T_';;b,,- ...... _ m ,, , Jl_
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I.'[g,rt. 51. r0 versus sisnal-to-noiee ratio for coherent,
_ximum likelihood demodulation, FCC bandwidth,
rectangular filter (reprinted from [16])
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The, h111er cmdt, rL,duec_t [:lleerrol" lU'_flmbl|Itlt_t_ of l-lit,flrHl eodhl_ t_hntttl_|(st-'e
I"l_ur_ 34) which co;IHlst_ of tilt, illodul0,L'orD radio chnlmtq_ nml dom.dulat:or. 'l'hi_
Lilt!it tOrlllS il IIOW t'odlllg cql_ttltlt'], for tllloLhor HOtIIt'I" |'ode II WIt|l'|! ['till fltl'Lht'v t't,dtD?(-'
i:]tt" ult'l?or tilt|,-,. '['hllbl, _.'e t_Illl tlHe lilt! lnosL pow{'rflt| ztVllliltblt_ t'odhlg HyHLL!IRS Itltd
I?et[tlt_to errtlr rttLeH |)y t.'()tlt!ItLtHlltllo l of _|IeHe ctpdt, H.
FJ, l._ttl?os !]5 arid 5b _|tOW how decoded hi.t: errors otlu o1' ;1 VJLe|l]._l decoder
tend tll O,'cur in burets of wtrlous lengtlls, Ilere we a,_mune the BP,SK or QPSK
tllodulllVlon wJ.th 3 bit: quant:Lzatl.on. Generally, the decoded bits arc error t'ree
for a while arid |hell when a decoding b:it error occurs tile errors occur i.n a
bur_t or string of ]ettgth l,b with ,t probability diutr:[buL_on Lhau is gL_ometric
[37], i.e.,
Pr{Lb_nl} = p(1 - p)Ul-1 ; m 1,2,... (1.4.1.6)
where
1
• (1.4.]7)
1,b
and T,b is the aw, rage burst: length in data btt,'l. 'l'he walling time, W_
I)_,L_,_t, II bursts has the elllp[l"iC_ll distribllt [oll
Pr{W ii1 q'(I-c{) n-K+2:: , n _, Kql,K+2 .... (I.4,18)
WIIL,l't_
I ( I. 4. ]9)
W--I_+2
I n ( I . 'l. | q), {} is Lilt, av..,ra_;e wn I t Ill}_ t Jill|! alld K I s ag, alll t hu' t'otlvo]ut [Ollill
cod|' t'tl:l,_trilhlt lt'llgtll.
By I'hoosillg ,t Rt't!d-,qololllOtl (ITS) otltt!r codt' Ivt' t'illl take ltdvillltltgt' OJ kilt' htlrsty
Ilit{tllt' ill tht, bit t,l'l'Ol'S |)lit ol Lilt' lllllt_r ,.','it!. R,q ct)dt's Itse higllt!l' ord,.!r q-al'y
synlbols wht'l't' typlc,_lly I[ = ?11 lor Solllt' [lllt, gt,r 111, hi IllO,qt appllcnt [Otl,_i nl _- 8 ((l =
.._!HO. i{v tdkhl}" I[I - 8 blt:_ It, [Ol'lll it sittglt' q-;ll'y Sylllbo], ;l Iuust ot errors [11 Lilt' 8
Ilit:'; I'l':illll,_i It10IIIV OIll' q-;ll'y SylllllOI t'l'l'_ll'. Ill tills Wil}' Wt' lk'lll,| tO I'edlAct_ tilt' hn-
p.lct ol bit error btlt':It,_¢o Ill FI}._III'I' '1,', WP SlIOW th_.! COIIVt!rs[oII |roIll q=_ll'y symbols to
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.
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LENGTHOF ERRORBURST,Lb
-I
l.'l_"re 55. llI._t_p,r;It_ _I hur_L l_my, tlls; Vll_,t'hl d_,cod_,d _'_sn._tl'alnL
l_,n_,'th 7, l'_ll_. I/2 i_ollvl_[ll! IOltil] _'OIll';]",I)/N 0 _ l.(l
(conrl._,.,ry of R.I_. Mll]er, ,IPI.)
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I:ixtlrt' ')b. IIj._lol,_l'(Hll ()f |)lll'_L |_.'ugihS| VIt_._tbl d_,_'_)ded L'*)L1,"ILI'zlt|1I
lullgLll lC)_, rate! I/3 ¢'*)ltw)luL|otlil]. _:odt'| " / -- 0°75)
'b"" I(¢'otlrt,.':zy o1' I{.1_,. Hlll('r, ,IPI,)
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10"I
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WORDERROR
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t_t
0 10-2
Q_
I.I.,I
0
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BITERROR
PROBABI ITY
0
-3a. 10
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i ................ . .... ] ...............
7461716427 (IO t _) CONVOLUTIONAL
CODE AND
(255, 223) REED-SOLOMON CODE
_)_ VITERBISOFTWAREDECODER._ GEOMETRIC MODEL
I0 "!
WORD ERROR
PROBABILITY
GI_ _ m
O 10"2
I,,k.
O
I0_3 _ REED-SOLOMON
BIT ERROR
PROBABILITY
10"5 L...... I
.O 1.5 2,0 2._
Eb/NoI dB
w_hmtit)t_aL cod,.! (l:_!l)rh_t('d tl,'om [371)
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10"I
10.2 1) INNLI,LCODE
r
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00000002-TSA13
]{a_l_lJ II r!l:/|lilll]:ilil_ill']:y dli_Iti)l't:llJl111IllldBh_lli}¢lb_-'tabledWI ih lllil}]hll_/ll?
(_) (:(i|ll Ililllittll pl|lift¢' IIl(}lltlllll liilll_ ((:p_) £_-lill _IvlII_Vp blllldwhllh 17¢'clllll'iqlll'lllll
(_}(J_ui: Fill',)wllllmll rl,'flllm'hlH. 'l'lli'ni'Viilltlllllii¢-_liV£_]lllli'n Blulln
_ll llehl,i,v_,h ll_h Ihl'olil_hplil:_wll;h e¢IdllIy,Iml _'_,qtill_i,_'olllp]i,x d I,_IIIn]
pl'lll'i_Nlllli_Ill7 frill._ l'£_,12t'lvi-'l _,
(d) {")llVo]dl. lilllli] eod;liiR w<lih Vtt',ulg);l dui!lidhig l!l_ll Ilttil¢l!,,/ lii:i_vldl ' Ildi, qiult:l!
l'lJdtlt't_l.till I.li lilt _i'l_oi? I_lltql.I wtl_h iil'hiltnli] eOliip]l,xJl;y. New i'OliVlihltllllllll
k!Ol.ll.!Ht h{IWL'Vltl' l IIIIIHI: Ill' t_llUlld for ttMl' wltll (',PH. i
(l!) Vl!l_y low el'rot" i'lltu_ l!1111 bl! llellJt._Vl!d 'ill pl:lletittl! wlt;h _t!lltlctiltllil
dql_odtitg lit' 1oilg t'llnl-il'l_ll:lnL J,t!tlilth i_oiivoltil_lotllll eodux lind wl, tll
i_ollktllt.l,!tiiltioll Of _odl._. _plmd. bui't+m: ovl.!l'lTJ,oW, llild COlltpJ¢!_lt_ Jl.intt
tlic_le Lipp] 'l.cllt g.on_,
(f) The rlipt.d uvolutloii ]11 _olld-,mtntu c_l_,,i!t_'otlit' t:_,ellnolotl7 will c:,,iLi.iltl_
to |lltvt, II b] B ;llllllilct Oll till! de_lllln of COllltlltllllt!L%tioll 14y_ll_.!l'tt_. <l'hifi I
Iv]l] likely lilt!Jill thtl{ (',Pbt illld iiitlYt, powt.l_t:ul c!l.(illl_l lu,_,hllJqtit,_i i_lll
Ilt, COlilt_ I_ltll't! ttt)llltllOlii..V tlHC'd Ill cotnlllUllJ.t_ilti_n _i_,_il,t'P'._i to _lt'hlqvt' hli,litq"
dllt_l rateLl _lt ]ower t_l'ror r,>_i-es,
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Rl,1L RI.,N¢,I,._
............. s . .
I'ltlll ++11£+_11'I ' I¢llL'lllsdl _11'_111h_, I_]_, ,lllll+' I_lHl|0 PP. ;_0. I. I.-;q_. '}, 5,
li_. I_. I,,. ,kwM_o110 "lJ,_11dvldlh I"41 WI_'IH _god111_11I_11 alld, _.'._dlh_.;." l_h.B, l_l..L_,rt_1_-
I hql, Ill_l./% I_)t|O.
I/** .I. ]_'b. I}llllll;I _11111D. I']. .|;li'}(lillll, _s(_llloll I{llll+_ llll' {_h1|1111*.'1:l [l_'!.ll/_ I}llllliWi_}lh
I'I" 14.1,I"14.1.II.
111111 [_ll (',++d_+n: l'oW,'l' V_. 11+nldwldlh." N'I'(+,IH() ('.I+JlIIl'l'++'llt'_,+ P,+'r+_1"d0 lhui,'+tUll,
'I'_'_11+;, N,+v. I')gtl, pl +. I/l.h.l+IG.h.(_.
• +I_). T. A111 lu° N. Rvdl+_'_'k_ l',+I",. Slltldl _ 1l'_+ *_I)_,I'1OFIII+111¢+ of l+'on_+t+111t l.'.llvt, lo|_<, I,l-+ll'y
13Ii, l t +II I.'H _',,P+l++,i11_ and The 1i' hup 1_'lllL'llt ZlI l O11__ N'l'{t I / _) t'+()lIt'++r_+,11+'l+_bteeOl'd,
. I. I-,_!. l.l+.W.l..-lh|lll+doll. I)C. Nov. li)/t), pp. _+' ''
211. t',. R. C11h11, "I+1111.'_' '1'l'_l,lkln+ _, +lild 11t,111od1111111oIIWith l)+'l+ly," t+l..]+l+'++'!',r_l_l_l+._o11
1.11111_.r}n+111 _11'l'.h+.Lo+1",),,Vol. l'l'-2t), ,l_11_t1+tl'y ]+17/+, i_i;. 5t)-!18.
21. It. Itnl.,+.,rb+...,..,l,., "New Appllc;ll Io11..-i for lilt, Vltui'bl A]t+,_+l'[lhltl: CilI'I'II, v PII+t_-,
'I'I','I¢klII_; Ill ,_yllt'lIt'O11Otln 1111t_I_'['1"+111_1111,'_,_IoIt_._,Iq111.'.+," lq'l'tt*76 CoI1l'+,l'e11_'q Record.
+q+111l)1+'+;t+, C+111t.+ D_'e. 19,>4, pp. 7_G-7_.
"_'_ I,. l,. .+tl 111, Vll_'1"hl Al_ot'llhlu for HOdtllo-211 Pll+l_t, 'rt:l.,'l<.h+_+... lit l'.Ollt't'_'lll
P I)_1t+t t',++11u1111111_','IIIon ,_ynl_'lll,_," ONI( 'l'eeh. Ill'I+. #;_!;+, l)e¢'t,lttl++,,r I+177.
21. 1,. I,. ._t'Ii+Irl° I). I). Cox told It. .1. _Izl._l'+'[le_;+ "MOdtllO-')41 I+1111_' ,_'tltl_'llt'_'
l,:,.+tlul+ll lon. H tIN_ 'l'e_'h. R_'p. #;_1_ l.'+,br111Jl:), lqTH.
2G, I,. I,, _b.,t • D, 11, L,o.'+. altd i,, ,I, t'tP.,_relle:% "t,lo<lulo-211 t'll+iru S_'gU_,llt'e
iI I.nttm+llh++1° '_ I.I",.I,_I,',l_r._lU..'_..1.o}1. l}lf_+rL1+++tl+on_1'JlU.o.r,° I'I'-;!O, pp. ,+15-(120.
:4t,pt _,11tbor Ill'O,
2!). T. Aul It+, "Vlt+,rhl th+'lecl Ion ol l:out lullOU,"+ Plla_e NOdltl+11,,d ,_+IB11111.'+," N'L'C'BO
L',Ol11_.,l'l'tit'_' Ill,COl'd+ IIo11,++IoII. I.+XIS_ NOV. |_)_I0, pp. 1/+.'_..I-14.2.?.
hlt- _lli ].ttt_l.l_t'l'_ lit tlte_(+, I). l"++ _leet'• **l+h+tt_ ' _++Stlttl+'tt_,'l.'|.',st |lit+It. toll for l.lt,'4et7 l ,_"
1_l't'l_t'111't ' +,+| R;lyl_,11._,h l:;tdll1+t," I'I.S. ll1+ml, , l'.I.'+-7'11)-2/+, I)oI++111L111_,111ot 1':l_,cll'l+-
_'+11 l".u_ 1111,_,i' h',,_. AIr l.'or_'e ttlfft I 1111+, of T++,¢hllO hzi_y ° Wr li,_lll -P+II l t'I'PIOII AI*'JI°
Oil Gt'++'i"},'_,+ l)i'_'i'l+Ibt'V Ill+It). fll+A OBO+(+t_.
2/. ._. R. Rohlllffou illld I). l']0 Mqt'l', "l'lla_e ._t,qtlelt_'e l'_+l Ii11_II 1o11 111 tile 1'l'i,l_(,llt't,
O1 ll;iyl_'ll,_h|:+Idll1_," t4'1'l'._t_t_ l.',Olll't,l+_'l]_'_' ll+-'cO1"tl_ llo_l;_loll. '1'e_l_, _oV, |_}Bt'_,
pp. '_,_. ;'. I r- 5B. 2. l_.
2g. W. l'. l.[11d,'+ey _111d _1. K. ._1111_111,'l't,h,_'u!m11}ml+'+l.l Ip11 ._v.fflt,ll1_ .l.:u_tln¢,_,r111_
l+r_,llt l_'_,-,tI+11 l , l,',P+y|_,_o_,d t:l III ,_, _I.,I. , Ill/ _,.
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